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Abstract 
The work presented in this thesis focuses on the synthesis of nanomaterials, formulation and 
printing of Ag nanoparticle and nanowire inks for two distinct applications: a) inkjet printing 
of Ag nanoparticle films on ceramic substrates with the aim of providing a smaller size of 
printed feature at lower cost than that can be obtained with the conventionally used screen 
printing, and b) Ag nanowires films prompted by the wide quest of electronics industry for 
materials with increased flexibility, lower cost and higher transmittance to replace indium tin 
oxide. 
Ag nanoparticles with a size of 50 nm were successfully synthesized and dispersed in 
aqueous medium. Two preparation routes were compared in order to distinguish the effects of 
solvents treatment of particles and their influence on the suspension characteristics including 
Ag loading, rheology, surface tension and later the electrical film properties. The co-polymer 
Pluronic F127 was found to be an effective as a stabiliser leading to the formulation of high 
silver loading in inks. 
The processing and characterization of silver films was performed. The aim was to 
reduce the number of layers in the silver nanoparticles film by increasing the thickness of a 
single layer with the goal of obtaining a dense and conductive film. An increase in the Ag 
loading, from 5 wt % to 45 wt % favoured the achievement of denser and thicker film with 
one layer printing. Addition of SiO2 to the ink formula resulted in denser structure and better 
adhesion of the printed track then the one without SiO2. 
A new method for improving the morphology of inkjet printed tracks has been 
proposed by printing the ink into the structured channels with predefined topography.  
Silver nanowires were synthesised and dispersed in methanol with help of copolymer 
F127. They were subsequently deposited on plastic and glass substrates forming conductive 
and transparent films.  
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Chapter 1 
Introduction 
1.1 Context of the research 
 
Printed electronics is a term that describes the printing of circuits which include various 
components, e.g. antennas, diodes, transistors, etc., with liquid source materials on the 
surface of paper, plastics or ceramics. Printed electronics is consisted of various fields, 
including semiconductor device physics, ink chemistry and formulation, and printing 
technology. There has been growing interest in the development of printed electronics as a 
potential application of inkjet technology. The idea is to replace the conventional 
photolithography-based semiconductor manufacturing with printing technology. Printed 
electronic can potentially reduce the process complexity as the pattern deposition is used to 
deposit the film directly. It opens a new world of low-cost printed circuits based on 
conductive, semiconductive and dielectric printed materials aiming at high-volume market 
segments. Among the broad printed electronic technologies, there are various techniques for 
producing conductive components, one of them, very promising, is inkjet printing technique. 
The inkjet printing is a technique where inks are printed only at the locations where 
they are desired. It is a non-contact process where the thin or thick structures are created 
under computer control. While the printing processes are applied, the main cost consumption 
in printing electronics, are inks used to produce the electronic components. The innovations 
in materials to enable printing depend mainly on advances of material science that can 
produce functional inks. Inkjet printing must be considered as a complete system, bringing 
together a number of disciplines, such as material science, engineering, software, and 
electronics. The main challenges apply to feature size, resolution, productivity, and drop 
placement accuracy. 
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Since there is no such a thing like an universal ink, many factors have to be taken into 
account, namely, functionality, print quality, drying time, adhesion, and jetting characteristic 
including viscosity, surface tension, particle size, and stability of the ink. The smaller size of 
the printed feature enables the use of inkjet printing in functional printed electronics.  
Increasing the print resolution by decreasing the size of the drops and improving their 
accurate place is still a challenge. Joining the effect of surface treatment of the substrate and 
the unique rheology behaviour of the ink might lead to reduced feature size. 
Another huge attention in electronic industry is paid to the materials that show high 
electrical conductivity and optical transparency. The most extensively used material for 
transparent electrodes is indium tin oxide (ITO). However there has been a quest to look for 
materials with improved bending, lower cost and higher transmittance that can replace ITO. 
Towards this objective, various types of new materials have been developed among which 
carbon nanotube (CNT) films, graphene films and Ag nanowires. 
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1.2 Thesis Objectives 
The aims of this thesis are: 1) to develop high loading aqueous Ag nanoparticles ink for inkjet 
printing and 2) to develop a new method to deposit highly conductive transparent Ag coating. 
Towards these, the objectives are: 
1. To develop new chemical methods for the syntheses of silver nanoparticles and nanowires. 
2. To formulate and optimise silver inks suitable for ink jet printing application. 
3. To understand how the fluid ingredients influence the silver suspension, the film density 
and morphology. 
4. To assess the behaviour of inks and develop processes (jetting parameters). 
5. To investigate the influence of substrate surface condition on the morphology of the 
subsequent printing features. 
6. To evaluate the performances obtained on the ink formula including functional properties. 
7. To investigate inkjet printing of a silver nanoparticle ink onto a predefined topography 
pattern in a surface (embossed structures). 
8. To synthesize and formulate a silver nanowire fluid and deposit it onto transparent plastic 
substrate. 
9. To compare the transparency and conductivity of Ag nanowire coating with ITO coating. 
 
 
 
 
4 
 
1.3 Thesis structure 
The thesis is presented in nine chapters. Chapter 1 is an introduction to the topic of the 
research.  
Chapter 2 focuses on the Literature review. In the first section of the literature survey, 
the conceptual basis for printed electronic and the motivation for the technology is discussed. 
Section 2 covers the fundamental aspect of inkjet printing including the technology trends 
and challenges. Section 3 focuses on ink chemistry; it discusses the principal issues that 
control the overall performance of the ink. In section 4, synthesis of silver nanoparticles and 
nanowires as well as their application is revived.   
Chapter 3 summarises all the experimental procedures that were employed within this 
project.  
The results and discussion regarding synthesis of silver nanoparticles and influence of 
various factors on size and morphology of the final product are presented in Chapter 4. 
 Chapter 5 focuses on the results obtained from experiments on high loading Ag ink 
development, where ink formulation and characterisation is discussed. 
 In Chapter 6 the results of experiment in improving physical properties of the silver 
film, and the effect of SiO2 on hardness, adhesion and resistivity are analysed. 
Chapter 7 focuses on improving the resolution of printed features and describes the 
experimental details of inkjet printing of a silver nanoparticle ink onto a predefined 
topography pattern in ceramic substrates. 
The following Chapter 8 presents and discusses the results obtained from experiments 
of Ag nanowires synthesis and their deposition on glass and plastic substrates.  
Chapter 9 summarizes the major conclusions of this work and suggests further work 
in this area of the research. 
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Chapter 2 
Literature Review 
The aim of this chapter is to cover the development of technologies, nanomaterials and 
nanofluids research that have led to the present project. In this chapter an overview is 
presented of what has been done within the printed electronics area. An introduction to the 
synthesis of nanoparticles and ink chemistry is given followed by a background to an inkjet 
printing technology including the trends and challenges. Silver nanowires synthesis and 
processing will be also discussed. 
 
2.1 Printed electronics 
2.1.1 Motivation  
The first printing revolution started with Johannes Gutenberg in the 1440’s. The information 
stored in books stabilized scientific discussion and made it possible to refer to books [1]. The 
second printing revolution came with the Internet and private printing making paper and 
books old fashioned and reformed our society and science all the time. The third printing 
revolution is still approaching. Around five hundred years after the first, this revolution 
integrates the achievements of the printing industry and those of the electronics and 
digitalization world. Printed electronics opens the door to a future of electronic innovations 
that are lightweight, flexible, and could be produced on cheap materials such as paper or 
flexible film. Printed electronics is a term that describes the printing of circuits which include 
various components, e.g. antennas, diodes, transistors, etc., with conductive ink on the 
surface of paper, plastics or ceramics.  
There has been growing interest in the development of printed electronics as a 
potential application of inkjet technology. The idea is to replace the conventional 
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photolithography-based semiconductor manufacturing with printing technology. This is 
motivated by the fact of low-cost means of depositing ink at the location where it is desired. 
That led to high-throughput production of electronic devices that are lightweight, small, 
flexible, inexpensive, and disposable [2]. For fabrication conventional electronic systems, 
photolithographic process is used. In order to create a pattern the process steps can be 
summarised as follows [3]. The first step is the electronic material deposition on the 
substrate, usually using chemical vapour deposition or physical vapour deposition. Then the 
substrate is coated with photoresist and the excess of solvent is removed by heating the 
substrate at a temperature that depends on the photoresist utilised. The photoresist is 
subjected to ultraviolet (UV) light through a mask containing the desired pattern. The 
photoresist is then developed revealing the pattern. A chemical agent (typically acid, e.g. 
hydrofluoric (HF) or hydrochloric (HCl)) is then used to etch the deposited film and the 
material in the areas not protected by photoresist is removed. The remaining photoresist is 
then removed to expose the patterned film. In this technique, the numerous steps that are 
required to create a single patterned film increase the complexity of the process. Although 
this process is suitable for the fabrication of large volumes of devices, there is a limit of 
printed patterns and the disadvantage of a big amount of wasted material [4]. Moreover, the 
energy consumption is high [5] and dangerous materials are used in the etching step. 
Printed electronic can potentially reduce the process complexity as the pattern 
deposition is used to deposit the film directly, which means the overall process has reduced 
from seven steps per pattern layer to ideally a single step. This leads to reduced capital 
expenditure where the cost per unit area of printed electronic is expected to be one to three 
orders of magnitude less than the cost per unit area of photolithography process. However 
printing electronics are attractive as a means of fabricating electronic system with low 
functional density, where the high performance of conventional electronics is not required. It 
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opens a new world of low-cost printed circuits based on conductive, semiconductive and 
dielectric printed materials aiming at high-volume market segments.  
While traditional printing processes are applied, the main cost consumptions in 
printing electronics are inks used to produce the electronic components. The innovations in 
materials to enable printing depend mainly on the advance of material science that can 
produce functional inks. Among the broad printed electronic technologies; there are various 
techniques for producing conductive components as shown in table 2.1. The inkjet is one of 
them and will be discussed in more details in Section 2.2. 
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Table 2.1 Comparison of technologies of printed electronics for conductive features [6] 
Printing technology Advantages Disadvantages 
 
 
Screen Printing 
• Set up technology and 
inks for printed 
electronic 
• Low-cost equipment 
and inks 
• Expensive due to 
amount of needed 
material 
 
Inkjet 
• Printing thin films and 
fine features 
• Manageable to 
prototyping 
• Digital customization 
• Individual design of 
equipment for 
electronics 
• Non-contact method 
• Low throughput 
• Complex system 
Gravure • High speed 
• High definition of 
printed features 
• Possibility of printing 
on various substrates 
• High set-up costs 
Flexography 
 
• Lower technology 
costs than gravure 
printing 
• Relatively good 
resolution 
• Instead of printing a 
dot it prints a ‘donut’ 
• Exposed to ‘halos’ 
effect 
• Possible inconsistent 
release of ink. 
Offset 
Lithography 
• High throughput 
• High resolution 
• Thickness limited to 
less than 1 µm 
• Additives used in 
graphics printing 
might negatively affect 
electronic painting 
Pad Printing • Possible printing of 
irregular 
• Configurations 
• Low throughput 
• Not a large scale 
process 
Spin Coating • Easy experiments set 
up for testing basic 
properties 
• Non- contact method 
• Poor resolution 
• Not a commercial 
scale process for 
printed electronics. 
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2.1.2 Application of printed electronics 
Printed electronics utilise liquid source of electrically active materials that can be used as a 
conductors, semiconductors, and other functional materials. Flexible displays are one of the 
promising applications of printed electronics. They are light weight and have high 
mechanical reliability. Electronic printing can be utilized for obtaining display elements, such 
as: 
- Liquid crystals displays (LCDS) 
By using small organic molecules liquid crystal displays make use of a light switch 
implemented [7]. 
- Organic light emitting diodes (LEDs) 
Polymer LEDs (PLEDs) are diodes with light-emitting polymer sandwiches [8]. When 
current flows through the diode, electrons and holes recombine in order to emit a light [9]. 
The advantage of PLEDs is that it possesses much simpler structure than LCDs. 
- Electrophoretic displays 
Sometimes called e-paper [10]. Applied external voltage to the cell causes the up and down 
movement (depending on the voltage polarity) of particles resulting in light and dark 
appearance of the cell. They are potentially very compatible with printed transistors, since 
only low current driving is required, as the cells do not emit the light. 
- Printed radio-frequency identification (RFID) tags 
Silicon based RFID are used in many applications, including management, inventory, 
security and transit [11].  
- Printed sensors [11] 
- Printed transistors [12] 
- Printed semiconductors [13] 
- Printed dielectrics [14] 
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2.2 Inkjet printing technology 
 
Inkjet printing is a technique where inks are printed only at the locations where they are 
desired. It is a non-contact process where the thin or thick structures under computer control 
are created [15-17]. Since it is a non-contact method, the material contamination possibly 
produced in contact deposition is reduced. It is easy to change the pattern design without the 
use of expensive masks used in the case of screen printing. This results in a fast and cost 
effective prototyping process. In addition, since the material is deposited only when and 
where it is needed the wastage of material is very low. In the continuing demand for finer 
feature sizes the inkjet printing has emerged as an attractive option for bridging the gap 
between high resolution (1 µm and below) which is likely to remain the province of 
conventional lithography, and the ~100 µm resolution achievable with for example screen 
printing.  
Recently inkjet printing technology has been used to fabricate polymeric 
electroluminescence devices, controlled-release drug delivery devices, and refractive micro 
lenses made of hybrid organic- inorganic materials [18-20]. 
Developing material is the main challenge of printing electronics since various 
conditions of the printing process have to be met, like low temperature deposition, high 
throughput, interplay with other layers including compatibility of printed layers in terms of 
wetting, adhesion and dissolving as well as drying procedures after deposition of liquid 
layers, all having a large influence on the device performance. The main requirement of 
printed materials, besides actual electronic functionality, is their processability in liquid form, 
i.e. solution, dispersion or suspension. Typically inorganic materials used for printing are 
dispersion of metallic micro and nano particles, e.g. silver, gold or copper particles in a 
retaining matrix. 
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2.2.1 Process 
Two different categories of ink jet printer exist and they can be distinguished depending on 
the ink delivery mode: continuous and drop-on-demand (DoD) [15, 16, 21] and this is further 
divided into subgroups (figure 2.1). 
                       
Figure 2.1 Classifications of inkjet printing techniques, adapted from [22] 
 
Continuous mode 
In order to force ink to pass through an orifice forming a jet at the outlet high pressure is 
applied. The ink flow breaks up into single droplets that are initially charged by electrodes 
and then deflected by deflecting plates to be settled at desired positions [22]. The ink must be 
conductive as the droplet deposition on the substrate is controlled by the charge of the 
functional material in the ink and plate charge [23]. The formed drops are uniform and with a 
size approximately double that of the orifice diameter in a range of 20-150 µm [24, 25]. 
Compared to DoD technology, this technique offers a higher speed process and allows 
large areas to be patterned in shorter periods of time [26]. Figure 2.2 schematically represents 
a continuous mode printer in inkjet printing process. 
 
 
 
. 
Inkjet 
technology
Continuous
Undeflected Deflected
Binary Multiple
Drop-on-
Demand
Piezo
Bend Shear Push Squeeze
Electrostatic Thermal
Top shooter Side shooter
12 
 
 
C 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Schematic diagram of continuous inkjet printer 
 
Drop- on-demand mode 
In DoD mode the droplets are ejected only when required. As with the continuous method, 
DoD is a non contact method. The droplet deposition on the substrate is controlled by the 
movement of the printhead across it [21]. When a voltage is applied, the piezoelectric 
material changes shape, which generates a pressure wave in the fluid forcing a droplet of ink 
to be ejected from the nozzle [15, 26]. A schematic representation of a DoD printer is shown 
in figure 2.3. 
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Figure 2.3 Schematic picture of a drop-on-demand ink jet printer 
 
 
In piezoelectric inkjet, a piezoelectric element changes its shape as a result of an 
electronic pulse, inducing a mechanical pressure to a small amount of ink that will as a 
consequence be forced out of the printing nozzle. Respectively, in the continuous inkjet, a 
constant pressure is applied to the ink, producing a continuous flow of ink that is then 
controlled to produce differently sized ink droplets. Typically, the droplet sizes in inkjet 
printing are in the scale of 50 µm - 60 µm and the obtained resolution scan exceed 1400 dots 
per inch in home-market printers. 
2.2.2 Working principle of piezoelectric printheads 
When an electrical field is applied between opposite surfaces of piezo-ceramic plate, a 
pressure wave is induced into a fluid resulting in droplet formation and its emission from the 
ink reservoir 
actuator 
ink cavity 
nozzle 
Ejected drop 
Substrate motion 
substrate 
Driver 
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nozzle [27, 28]. The act of the pressure wave is to overcome the surface tension of the fluid 
retained at the orifice and to expel a stream of liquid from the nozzle. Typical print 
frequencies of DoD printers are in the range of 0.1 to 30 kHz. When a voltage is applied to 
the piezoelectric element, which is usually made from lead zirconate titanate, it expands and a 
pressure wave travels via the ink in nozzle and reservoir directions. A nozzle might be 
considered as a closed end due to its small diameter compared to the tube diameter, while 
reservoir acts as an open end. In this case, the pressure wave that arrives at the nozzle orifice 
is conserved and inversed when arriving at the reservoir [28]. The positive pressure wave is 
amplified by the driving waveform to get a large positive pressure peak at the nozzle, which 
consequently fires a drop. The reflection and propagation of acoustic pressure waves depend 
on the printhead design, nozzle orifice diameter, and properties of the materials.  
The trapezoidal driving waveform, shown in figure 2.4 represents a typical waveform 
which is composed of voltage rising time tr, dwell time td and voltage falling time tf. It is 
substantial for successful droplet ejection to find a balance between the applied voltage over 
the piezoelectric element and the duration of the pulse [28]. 
 
Figure 2.4 Typical waveform with settings of voltage and pulse width, taken from [29] 
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 The settings of both, voltage and pulse width, have a large effect on the formation of a 
droplet. A minimum of voltage is necessary for droplet ejection. With larger voltage 
amplitude, a larger volume change of the piezoelectric element in the same amount of time is 
caused and a larger pressure wave is induced. As a result, an ejected droplet is larger in 
volume due to stronger fluid accelerations. The frequency is the rate at which the waveform, 
pictured in figure 2.4, is repeated and has a strong influence on the velocity of the ejected 
droplet [29]. Since the frequency affects the acoustic wave speed, it depends on the fluid 
properties, particularly its viscous properties [6]. 
 
2.2.3 Trends and challenges [6] 
The pace of innovation in industrial inkjet is very fast. Increasing the print resolution, by 
decreasing the size of the drops and improving their accurately placing, was the main focus in 
the past. Current attention is directed to: 
- Increase the jetting speed 
- Improve printhead reliability (i.e., less nozzle clogging) 
- Expand post processing techniques 
- Achieving unique rheological behaviour of the ink 
- Enhance the productivity 
The smaller size of the printed feature enables the use of inkjet printing in functional 
application such as printed electronics [30-32]. It is much desired to develop technology that 
can produce small drop size, below 10 µm. 
With reducing the size of the drops, their surface tension increases. In order to 
overcome this effect, the energy needed to eject them from the nozzle needs to be increased. 
Moreover, as a droplet gets smaller; its surface area to mass ratio becomes bigger and faster 
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deceleration is required that consequently reduces the flight path of the drop. To make it 
successful, the great deal of effort is going into designing print head and ink formulation. 
Today, the smallest droplet size, possible to obtain is 20-50 µm in laboratory settings 
[31]. Decreasing the nozzle diameter in order to obtain a smaller size of the drop jet allowed 
inseparably integrate optimisation of the ink formulation and matching the ink – substrate 
complex. 
Facilitating the adoption of inkjet technology is to increase the range of jettable fluids, 
such as pigment textile inks, ceramic inks, metallic nanoparticles inks, and of three 
dimensional (3D) plastic structures. That might be done by improving the physical properties 
of the ink. 
Inkjet printing must be considered as a complete system, bringing together a number 
of disciplines, such as material science, engineering, software, and electronics. The main 
challenges apply to feature size, resolution, and productivity, and drop placement accuracy. 
Since there is no such a thing like a universal ink, number of ink’s properties have to be taken 
into account, namely, functionality, print quality, drying time, adhesion, and jetting 
characteristic including viscosity, surface tension, particle size, and stability. Reducing the 
feature size might be achieved by joining the effect of surface treatment of the substrate and 
obtaining the unique rheology behaviour of the ink. 
Accuracy of drop placement is still uncertain. To improve that, a number of factors 
have to be considered, such as jet-to-jet variation, sensitivity to nozzle straightness, nozzle 
and surface wetting, nozzle plate contamination, ink formulation, drop velocity, and ambient 
air flow. 
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2.3 Electrically conductive inks: preparation, requirements and properties 
In inkjet printing technology, the major challenge is the ink formulation. Reducing the 
particle size to 50 nm or less is believed to improve image quality, resolution, and printhead 
reliability [30]. In order to achieve optimal performance and reliability of the printing system 
and to obtain the best printed pattern, the inks have to meet strict physicochemical properties 
(viscosity, surface tension, adhesion to a substrate, etc.). Typical ink suitable for inkjet 
printing has viscosity between 1 and 30 mPa s. Inks should behave as a true solvent (without 
component separation during high acceleration and to be stable at room temperature (for 
weeks without any sedimentation). The surface tension depends on the nature of the substrate 
that is going to be used. For the hydrophobic and hydrophilic substrates the surface tension 
varies between 25 Nm-1 to 50 Nm-1. 
In order to disperse particles and, at the same time, minimize nozzle clogging it is 
necessary to add a dispersing agent to the ink formulation. The amount of dispersant is a 
function of the effective surface area of the particles to be dispersed. For a given weight 
loading the effective surface area increases with the decrease of the particle size, and hence 
the larger the area to be covered by dispersant [6]. In other words, the smaller particles the 
more quantity of dispersant is needed.  
In this section the basic matters that affect the overall performance of the ink will be 
discussed from the chemical point of view. That includes operation of the ink and its 
requirements and properties. As well as the ink properties after printing , since they are also 
to be taken into account while overall performance is considered, what is a desired structure 
of the film in terms of their physical strength and toughness, the adhesion attribute and the 
surface properties of printed features are discussed here. 
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2.3.1 Ink formulation  
There are two major techniques used to produce nanofluids: the single-step method and the 
two-step method. In the two-step process, the preparation of the nanoparticles and the 
preparation of the nanofluid are separated. First nanoparticles are synthesised and dried. After 
that they are dispersed in liquid under stirring or ultrasonic vibration. Various physical 
treatment techniques are employed, including a stirrer, an ultrasonic bath, an ultrasonic 
disruptor or a high-pressure homogenizer to prepare nanofluids [33]. The biggest problem in 
the two-step method is the tendency of individual particles to quickly agglomerate before 
complete dispersion can be achieved.  
The one-step method is based on the synthesis of nanoparticles directly in the fluid. A 
few methods have been found in literatures for the preparation of nanofluids using one-step 
method, for example thermal decomposition of an organometalic precursor in the presence of 
stabiliser [34], chemical reduction [35], and wet grinding technology with bead mills [36]. 
Akoh et al. [37] developed the single-step direct evaporation approach, so called 
VEROS (Vacuum Evaporation onto a Running Oil Substrate) technique. Further modification 
of this method was proposed by Wagener et al. [38]. They used high pressure magnetron 
sputtering for the preparation of Ag and Fe suspensions. The particles prepared with this 
method were small (around 2.5 nm) and characterised by rather narrow size distribution 
compared for instance to those obtained with gas evaporated particles. However particles 
were oxidised to a high degree. Zhu et al. [39] presented a novel one-step chemical method 
employing microwave irradiation for preparing copper nanofluids by reducing CuSO4*5H2O 
with NaH2PO2*H2O in ethylene glycol. An advantage of the technique is the narrow particle 
size distribution with the mean particle size up to 20 nm, while the disadvantage is that some 
residues from the reaction could be left in a reaction vessel affecting the later fluid’s 
properties. 
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2.3.1.1 Powder 
Powder determines the characteristics of the final product as it is the only material left after 
the removal of solvent and organic residues. Mainly silver nanoparticles and gold 
nanoparticles are used in conductive inks due to their low electrical resistivity and high 
chemical stability. Copper and nickel particles are less chemical stable and tend to oxidise 
easier than silver and gold. Although the price of carbon nanoparticles is low they are 
difficult to prepare in an industrial process and their resistivity is higher than metal particles. 
When the diameter of a particle is reduced, the ratio of particle’s surface to its volume 
increases. As a result many metallic nanoparticles show a dramatic reduction in melting 
point, thus opening up the use of a wider range of substrates, including lower-cost plastics. It 
has been shown that gold nanoparticles with size around 2 nm melt at 100 ºC while melting 
temperature for bulk gold is 1000 ºC [40]. Decrease in melting point is very important for 
conductivity of the printed films. The film formed using naoparticles might be annealed at 
very low temperature resulting in the particles to fuse together. The higher concentration of 
the particles in the ink the better contact between particles is achieved, which consequently 
leads to well packed printed particles. As a result, the conductivity of the film obtained with 
smaller particles becomes closer to that of bulk than with large particles. Nanoparticles ink 
has a number of advantages over micro scale particles ink. Nano-sized particles conductive 
inks can be ink-jetted, without the risk of clogging nozzles, thus saving both material costs 
and production runs. 
In recent years, production of nanoparticles has been investigated. Nanoparticles with 
the size smaller than 100 nm are often extremely stable in colloidal suspension which makes 
them possible to load in high mass. However, a significant decrease in particle size leads to 
stronger agglomeration between themselves due to high density and extremely high surface 
energy which in practise increases the difficulty to produce highly concentrated stable 
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dispersions. Therefore it requires the development of new dispersion procedures, including 
selection of appropriate dispersants and tools to obtain long-term dispersion stability. 
Various techniques have been developed to synthesize the nanoparticles and they are 
discussed in more details in section 2.4.1. 
2.3.1.2 Dispersant 
When the particles in nanosize are placed in a liquid medium, the colloidal forces are more 
significant than the gravity force. As a consequence, nanoparticles tend to cluster and 
agglomerate if they are not prevented to do so. Particle agglomeration causes the system to 
change to the one with fewer and larger particles. Hence, it is necessary to modify the surface 
of the particles so that the agglomeration can be delayed. In order to prevent agglomeration of 
particles in a liquid medium, dispersing agents are used. Dispersing agents increase the 
repulsive forces between the particles to overcome the Van der Waals attractive forces. 
Moreover, the dispersant can promote the breakage of the hard agglomerates since it affects 
the rheology of the dispersion [41-43]. In addition, the presence of dispersants in colloids 
decreases the amount of solvent needed and hence increase the solid loading. The selection of 
dispersant depends mainly on the properties of the solutions and particles. Xuan and Li [44] 
used salt to increase the stability of transformer oil-Cu and oleic acid for water-Cu 
nanofluids. Oleic acid and cetyltrimethylammonium bromide (CTAB) surfactants were used 
to ensure better stability and proper dispersion of TiO2-water nanofluids by Murshed et al. 
[45]. Hwang et al. [46] used sodium dodecyl sulfate (SDS) for the preparation of water-based 
multi-walled carbon nanotube. Common dispersants reported in literature to formulate stable 
Ag inks, include poly (N-vinyl-2-pyrrolidone (PVP) and polyelectrolyte [47]. It is a nature of 
the particles to be dispersed as well as the solvent that decides which dispersant will work the 
best in a given environment.  
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F127, a triblock co-polymer consisting of poly(ethylene oxide) (PEO)–poly(propylene 
oxide) (PPO)-poly(ethylene oxide) (PEO) segments arranged in an ABA structure, was for 
the first time used in the preparation of silver suspensions in the present research work. F127 
micelles have demonstrated to enable encapsulating hydrophobic Fe2O3 nanoparticles inside 
their PPO cores and simutaneously the surface of the encapsulated nanoparticles was 
intrinsically covered by a layer of free PEO chains, which enabled the Fe2O3 particles to be 
colloidally stable [48]. Angelescu et al. [49] employed F127 as capping agent for the 
synthesis of Ag nanoparticles showing its good stabilising properties. They suggested that 
both moieties (PEO and PPO) may attach to the surface of the Ag particles, and as the entity, 
adopts several conformations. Firstly, the extended conformation of F127 along the surface 
takes place at the initial interaction with the Ag particles. The adsorbed polymer is 
subsequently replaced by the new polymers resulting in brush-like conformation which 
consists of entrenched PPO moiety on the Ag surface and stretched chains of PEO in the 
solution. Secondly and conversely, a polymeric hemi-micelle is formed when PEO chains are 
attached to the surface and PEO moieties exhibit hydrophobic interaction. From the kinetic 
point of view, such a surface coverage restrains adhesion of the particles due to the formed 
layer of trailing chains which is unfavourably compressed by the approaching particles [49]. 
2.3.1.3 Solvent 
 
Traditionally organic solvents are chosen for the ink formulation, mainly due to their low cost 
and good compatibility with most of substrates due to low surface tension and being quickly 
dry on the surfaces. However in the use of organic solvents may cause the environmental 
problems in realistic industrial applications due to their high volatility. Additionally, due to 
being fast drying, the fluid can very easily block the print head nozzles. Most used solvents 
for silver ink preparation are toluene, tetradecane, and alfa-terpineol [50-52]. 
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In more recent times techniques to cast water-based inks have been developed as an 
alternative [53, 54]. The advantage of using water-based inks is their low cost, environmental 
and healthy aspects, as well as easy attainment. However, the presence of water increases the 
surface tension of the ink which might decrease the adhesion to the substrate. Usually, 
additives such as wetting agent or treatment of the substrates are required to adjust the 
wetting properties of the ink to the substrate. 
2.3.1.4 Dispersive techniques 
Particle size reduction and their dispersion can be achieved with various techniques, such as 
ball milling or ultrasound methods. A ball milling technique consists of rolling a container 
containing the fluid and milling media (normally spherical ceramic balls). During rolling, the 
balls crush the powder and the energy of the impact breaks the agglomerates of the powder. 
Ultrasonic waves can be generated in a liquid suspension in two ways. The first, direct 
sonication is based on immersing an ultrasound probe into the suspension, reducing the 
physical barriers to delivering the power to the dispersion. In the second way, indirect 
sonication, the ultrasonic waves are propagated through a bath containing a liquid before they 
reach the sample container. Direct sonication is better than indirect sonication when the 
dispersing of dry powders is considered, as it yields a higher effective energy output into the 
suspension. Indirect sonication can be used to re-suspend the powder which has been pre-
processed via direct sonication, or for particles that may be subject to unintended damage 
under direct sonication (e.g., cleavage of single wall carbon nanotubes). The total amount of 
energy (E) delivered to a suspension depends on the applied power (P) as well as on the total 
amount of time (t) that the suspension is subject to the ultrasonic treatment (equation (2.1)). 
         E = P t.                            (2.1) 
As a result, two suspensions treated for different times at the same power can show 
significantly different dispersion states. For a given system, optimal sonication conditions 
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must be determined by estimating the effect of a variety of sonication parameters on the 
dispersion state [55]. 
A new technique for ink dispersion is High Intensity Focused Ultrasound (HIFU) 
(figure 2.5), so far broadly used in medicine for cancer treatment, however in the present 
work, for the first time, it was used for ink preparation. The basic function of HIFU is 
disaggregation of particles, which is achieved by depositing large amounts of energy into the 
particle solution. The focused ultrasound is produced using a high power piezo-electric (lead 
zirconate titanate (PZT)) material (transducer) generating high frequency vibrations (750 
kHz). HIFU introduces several novel aspects: (1) The high amplitude (up to 108 Pa) and 
frequency (~106 Hz) mean that as a beam propagates, it deforms, and can develop a "shock" 
wave front, i.e. the non-linear propagation effects; (2) Since the frequency of ultrasound is 
increased from ~104 Hz to ~106 Hz, the threshold value of strong micro scale transient 
cavitations is significantly increased. Therefore, the immense temperatures (approx. 5,000K) 
and pressures (approx. 2,000 atm) generated by cavitation bubble collapse could be 
alleviated. There’s no distinct temperature increase at all [56]; (3) It avoids the possible 
contamination to the fluid due to bead breakage during ball milling and the prolonged ball 
milling process.  
 
24 
 
 
Figure 2.5 Sketch of HIFU method [56]  
 
2.3.2 Dispersion characterisation 
2.3.2.1 Rheological properties of nanfluids 
Rheology is the study of the flow and deformation of matter under conditions of applied force 
[57]. The study of the rheological properties of the particle suspension is needed to 
understand their behaviour, to optimize dispersant amount needed for good particles 
stabilisation, it is also helpful to understand the ideal processing condition for inkjet printing. 
The pioneers in the study of rheology are Newton and Hooke. Hooke observed that in 
a perfect elastic solid, the material deforms under the applied forces and it relaxes when the 
force is removed. The stored energy in the deformation perfectly returned during the 
relaxation. This phenomenon represents the elastic behaviour. 
In Newtonian viscous fluid, deformation results in flow when the force is removed. 
Here, the energy is completely consumed as heat and this represents the viscous behaviour. 
Kelvin and Maxwell proposed the theory which defines the behaviour of materials 
with both the elastic and viscous characters. 
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Figure 2.6 summarizes the categories of materials when a stress is applied at a time t0. 
Deborah number (De) is a ratio of relaxation time (τ) and the experiment time t0 (equation 
2.2), which influence the behaviour of the fluid. 
      De = τ/ t0                                                       (2.2)
 
 
            
Figure 2.6 Classification of rheological behaviour of matter 
 
The study of viscous materials (De<<1) 
All fluids due to frictional forces between the molecules display a certain flow resistance 
which can be measured as a viscosity [58, 59]. Viscosity (η in Pa s) is a property of 
suspension which is being deformed by shear stress (σ in Pa). 
                                             = /                           (2.3) 
Where   is the shear rate (in s-1) and it is defined as the speed of the deformation: 
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                                                                   = dy / dt                           (2.4) 
The shear stress is defined as: 
                                             σ = F / A                           (2.5) 
Where, F is the amount of force applied to the sample over a certain area (A). 
To measure the viscosity of dispersion a rotational viscometer is used. The instrument can 
work either, in control of the input stress, or of the obtained stress. Two main parts form a 
viscometer, one of which is rotated, and the other stationary. The stress produced in a sample 
by the part in motion and is transmitted to the stationary one, at the end is recorded. 
The most used geometries of the viscometer’s part are, so called ‘cup and bob’ and 
the ‘cone and plate’ (figure 2.7). It is possible to measure the viscosity with different time, 
shear stress or shear rate.  
 
 
Figure 2.7 a) Cup and bob and b) cone and plate configurations 
 
The flow behaviour of the fluid might be governed by complex interaction including 
hydrodynamic interaction between solid particles and the fluid, the attractive and repulsive 
force between the solid particles and the particle-particle interactions. The fluid can be 
classified as a Newtonian fluid or Non-Newtonian. 
 
a) b) 
27 
 
Newtonian flow behaviour 
A fluid is said to be Newtonian if its viscosity remains constant with an increase in shear rate. 
Usually this kind of behaviour is observed in low molecular liquids such as, water or mineral 
oils. However, the presence of suspended nanoparticles is expected to cause more complex 
behaviour. 
 
Non-Newtonian flow behaviour 
When the viscosity of the fluid changes with an increase in share rate, the fluids are referred 
to as Non-Newtonian. There is a further classification of these fluids into shear-thinning and 
shear-thickening flow behaviour. 
 
Shear thinning behaviour  
In this case the shear viscosity decreases with an increase in shear stress. This behaviour can 
be explained by a gradual change from a disordered to an ordered structure while a shear rate 
is increased. When the stress exceeding a yield value is applied, the aggregated structure is 
broken into smaller pieces and shear becomes easier resulting in lower viscosity. As the 
attractive forces will tend to dominate bringing back the original aggregates structure, the 
apparent viscosity measured is the balance of the shear forces and the attractive forces. At a 
very small shear rate the Brownian movements of the particles dominate and the system is in 
disorder. With increasing the shear rate, the Brownian movements lose their importance as 
the particles will rearrange following the flow and at the sufficiently high shear rate, the 
viscosity will not vary considerably with shear rate. The plateau will be reached. 
 
Shear thickening flow behaviour  
In the phenomenon of shear thickening, the viscosity of the sample increases with an increase 
in shear stress. This can be explained by the fact that at low shear rate, the particles are kept 
in a layered, closely packed structure where the viscous shear forces are weaker than the 
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repulsive forces. With increasing the shear rate the layer structure will be destroyed and as a 
result more and more particles collision will occur. This friction creates a resistance to flow 
which is measured as higher viscosity. 
Figure 2.8 presents the summary of the rheology behaviour of a suspension resulting 
from interactions of their particles. 
 
Figure 2.8 Rheological behaviour of suspension  
 
Rheological measurements can provide some information about aggregation in 
dispersion. The rheological yield values reveal the strength of the agglomerations which can 
be damaged by shear. The viscosity is related to the volume of the fluid which aggregates at 
the shear rate used. The rheology behaviour of a suspension is influenced by particle 
interaction, particle concentration, particle size distribution, particle morphology, and 
properties of the medium. The higher volume content of powder in a suspension the 
more particle interaction becomes an important factor influencing viscosity. When the 
particles agglomerates trap some liquid the suspension behaves like it has apparent 
higher solid content. Hence it is possible to use the viscosity measurement to 
determinate the best amount of dispersant to be added to a suspension. With the 
increasing concentration of dispersant the viscosity of the dispersion usually decreases up 
to certain concentration followed by increasing viscosity above that concentration. 
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Influence of the particles content on viscosity 
Einstein’s [59] theory of the relative viscosity (η/ηs) for small, spherical, monosized 
particles, at very low concentration, highlights the importance of the volume fraction of the 
particles in influencing the viscosity.  
             (η/ηs) = 1+2.5 φ              (2.6) 
Where η is the viscosity of the suspension, ηs is the viscosity of the pure medium (at zero 
particles concentration), and φ is the volume fraction of particles. At the very low 
concentration of particles the particle/medium interactions are important. As the forces act on 
the upper and the lower hemisphere of the particle the spherical particle rotates with the same 
velocity as the medium flow velocity. The rotation will be resisted by viscous forces round 
the surface of the particles. As the overall flow is kept constant the stress must be increased, 
hence the viscosity is increased by the added particles. The viscosity change might be caused 
by increased interaction between particles when their concentration is enhanced in a 
suspension. Krieger-Dougherty in equation (2.6) shows that for spherical particles the 
rheological properties of the suspension are directly related to the volume occupied by the 
particles [60, 61]. 
             η=[1-(φ/φm)]-[ η]               (2.7) 
Where φ is the volume concentration of particles in the dispersion, φm the maximum packing 
fraction, which is 63% for random close packing, [η] is the intrinsic viscosity, or effective 
hydrodynamic shape factor, which for spherical particles is equal to 2.5. 
From the Krieger-Dougherty equation the viscosity of the nanoparticle suspension can 
be calculated if the viscosity of the medium and the concentration of the particles are known, 
and the maximum packing of the particles is determined. 
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2.3.2.2 Surface tension 
 
The surface tension plays an important role in any droplet creation technique including inkjet 
printing. The ink suited for inkjet printing should have appropriate viscosity and surface 
tension in order to facilitate drop formation.  
Surface tension is a property of the surface of a liquid and is caused by cohesion 
energy (the attraction of molecules to like molecules) present at an interface. The interactions 
of a molecule in the bulk liquid are balanced by equal attractive forces and each molecule is 
bound with a characteristic binding energy in all directions. The liquid phase of the molecules 
on the surface is replaced by air that gives weak interaction due to the low density of the air. 
The interactions of molecules with the air are significant and hence binding energy is 
reduced. As a result the presence of free energy at the surface is observed. The excess energy 
is called surface free energy which is equal to the number of missing bonds multiplied by the 
binding energy per bond [61]. 
Surface tension (γ) is defined as the ratio of the surface force (F) to the length (d) 
along which the force acts: 
      γ=F/d                          (2.8) 
The chemical composition of the fluids is an important factor to determine its surface 
and interface tension. Water and other polar liquids have strong intermolecular interactions 
and consequently high surface tension. Water has the highest surface tension (because of the 
hydrogen bonding), hydrocarbons have lower and fluorinated fluids have the lowest surface 
tension (as the fluorine atom does not share electrons very well). 
 
Principles of the surface tension measurement: 
In the stalagmometric method, the liquid’s drops are produced from a thin glass pipette under 
a little pressure. They are all in spherical shape and grow up to the same size. The force that 
causes the particle to come away is its weight (P), while the force that let the drop stay at the 
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outlet of the pipe is a particle’s surface tension. Initially the force comes from the weight of 
the drop is lower than the force that comes from a particle’s surface tension and the particles 
stays at the outlet. As the particle’s size grows the weight of the drop increases and becomes 
equal to the surface tension forces resulting in broke away from the pipette under the 
influence of gravity. 
The surface tension (Γ) of liquid can be calculated from the equation 2.9. 
Γ = γ1  *m2/m1                                      (2.9) 
Where, γ1 is surface tension of water [72*10-3 mN/m], m1 mass of water’s drop  at break-
away and m2 mass of measured liquid’s drop at break-away, respectively.  
2.3.2.3 Stability 
Preparation of stable fluids is a key matter in nanofluid research. Stability of nanofluids 
concerns a few aspects [61],  
-  Thermodynamic stability.  
Since nanofluids are multi-phase systems with high surfaces energies, they are 
thermodynamic unstable.  
- Kinetic stability 
Nanoparticles in the nanofluids possess strong Brownian motions. Nanoparticles mobility can 
compensate the sedimentation caused by the gravitation. 
- Dispersion stability.  
Because those nanoparticles can form aggregates, their dispersion in fluid may worsen with 
time.  
- Chemical stability  
No chemical reactions either between nanoparticles and base fluid or nanoparticles 
themselves are desired. 
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Three kinds of forces act on the suspended particles in the liquid: gravitational force, 
tending to settle or raise particles depending on their density relative to the solvent; a viscous 
drag force which arises as a resistance to motion, and the kinetic energy of particles which 
causes Brownian motion. For spherical particle of radius r the viscous drag force must be 
equal to the gravitational force thus the settling velocity, V, the viscous drag force is given 
by: 
Fdrag= 6pirVη = 4pir3g(ρp – ρL )/3 = Fgravity                               (2.10) 
where, η is the viscosity of the water, ρP is the density of the particles and ρL is the density of 
the medium and g is the acceleration rate of the gravity. Clearly, from those two forces acting 
on small particles, it will take a very long time to settle the particles and they will be stable. 
In fact, the third force caused by Brownian motion, together with the attractive and repulsive 
forces between particles determines the stability of the nanofluids. The speed of the Brownian 
motion can be characterised by mean displacement (x) and can be expressed with the 
equation (2.11).  
     x
2
= 2Dt                         (2.11) 
where D is the Einstein’s Brownian diffusion coefficient and t is the diffusion time. 
It is possible to express the diffusion coefficient with Einstein equation: 
        
                         (2.12) 
Where k is the Boltzman constant, T temperature, η viscosity of the medium, and r is the 
particle size. Based on equation (2.11) and (2.12), it can be said that displacement caused by 
Brownian motion increases with decreasing particles size and hence the nanoparticles tend to 
move around approaching other nanoparticles. The attractive forces between the particles will 
lead to their collision and cause the growth of large aggregates, which will consequently 
settle them out as, with particle growth, the gravitational forces start to dominate particle’s 
r
kTD
piη3
=
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behaviour [62]. Although the Van der Waals forces acting between molecules will always act 
to coagulate dispersed colloids, it is possible to generate an opposing repulsive force of 
comparable strength. As smaller particles have higher surface energy that increases the 
possibility of the agglomeration of nanoparticles, they must be stabilized by surfactant or 
capping reagent in their dispersed medium [62].  
The dispersion stability of the nanoparticles is determined by the interaction 
(attraction and repulsion) between the dispersed particles. The repulsion between particles 
comes from different sources. One is induced by the electrical double layer on the surface of 
the nanoparticles (electrostatic stabilization). Another might be caused by the adsorbed layer 
of polymer molecules on the surface of the particles (steric stabilisation). 
 
2.3.2.3.1 Electrostatic stabilization 
The intensity of the repulsion between the particles in electrostatic stabilization is determined 
by the magnitude of the surface charge. The particles in a dispersion medium are stabilized 
with the forces of electrical double layer; they acquire surface charge by the dissociation of 
surface groups or by the addition of an electrolyte which causes coagulation; a consequence 
of ion adsorption on the surface of particle. The development of this charge at the particle 
surface affects the distribution of ions in the surrounding interfacial region. The formation of 
an electrical double layer is a result of increase in the concentration of counter ions close to 
the surface of particle. The electrical double layer consists of two parts, first an inner region 
(Stern layer) where the ions are strongly bound and an outer (diffuse) region where they are 
less strongly associated (Gouy- Chapman layer). Within the diffuse layer there is a boundary 
inside which the ions and particles form a stable entity. When a particle moves, ions within 
the boundary move with it. The ions beyond the boundary stay with the bulk dispersant. The 
experimental estimation of potential at this boundary (surface of hydrodynamic shear or 
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slipping plane) is difficult and it is normally approximated with the electrokinetic potential in 
colloidal system (called zeta potential) (figure 2.9) [63, 64]. 
 
 
Figure 2.9 Schematic pictures of the diffusion double layer and potential profile according to 
the Gouy-Chapman and the Stern mode 
 
 
The Derjaguin, Landau, Verwey and Overbeek (DLVO) theory  
Using DLVO theory, it is possible to determinate the stability of suspensions and help predict 
long-term stability by means of the zeta potential [65-66]. When two charged particles in a 
dispersive medium approach each other, double electric layers overlap, the repulsion takes 
place as a result of increased ion concentration. The basis of DLVO is to use the sum of the 
repulsive force (VR) and attractive (VA - van der Waals forces) to calculate the particle 
interaction potential. 
     VT = VR + VA                        (2.13) 
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In figure 2.10 the total interaction potential (VT) is plotted against the distance (r) 
between particles. Four curves are drawn referring to attractive and repulsive parts of the 
potential. Curve A shows the potential between particles when the repulsion forces are very 
small, hence the particles quickly collapse in a primary minimum. Curve B represents a 
maximum of potential which prevents the particles from coagulation in the primary 
minimum. A secondary minimum of this curve is an effect of weak flocculation. In curve C 
there is no primary minimum and the energetic barrier to get the secondary minimum is very 
high hence this case represents a stable system. Curve D outlines the system independent 
dispersion. 
 
Figure 2.10 Potential energy versus particle distance, adapted from [66] 
 
Decreasing the primary minimum and maximum will promote flocculation of 
particles. Practically, the greater the minimum, the stronger the cohesive tendency of the flocs 
and the higher the energy needed to break them down. The smaller the maximum, the easier 
the particles overcome its energy barrier, and fall into a minimum. 
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2.3.3 Steric stabilisation 
Two mechanisms can be used to assure steric stabilization. The metal centre is surrounded by 
sterically bulky layers of material, such as polymer [67] or surfactant [68, 69], preventing the 
particles coming close enough for Van der Waals forces to cause irreversible attraction (see 
figure 2.11b) A non adsorbing polymer can be located among the particles preventing their 
aggregation (figure 2.11d). However the presence of polymers added to the dispersion 
medium can cause the flocculation when polymers do not completely cover the particles 
(figure 2.11a) and another case where non absorbing polymer can be evicted from the area 
between two surfaces, creating a gradient of concentration (figure 2.11c). 
 
Figure 2.11 Schematic representation of polymer behaviour on the surface of particle: a) 
bridging flocculation, (b) steric stabilisation, (c) depletion flocculation, and (d) depletion 
stabilisation  
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2.3.4 Fluid dynamic 
As it was mentioned before, the main concern for inkjet printing is that fluid must fit the 
physical and rheological requirements of fluid flow in the printhead, in order to be 
successfully ejected.  In a piezoelectric inkjet printing process, the generation of drops is 
based on pressure wave that is electromechanically induced [70]. When a voltage is applied, 
the piezoelectric material changes shape, which generates a pressure wave in the fluid forcing 
a droplet of ink to be ejected from the nozzle. That happens only when the kinetic energy of 
the ink is sufficient to overcome the surface energy interactions.  
If the viscosity of the ink is too high then a large pressure pulse is needed to generate 
a droplet. Whereas if the ink has very low surface tension, the printhead will generate the 
desired droplets accompanied with satellites, which reduces the resolution of the final as-
printed features.  
There are three dimensionless numbers, namely, the Reynolds (Re), the Weber (We) 
and the Z numbers (Z), which have been proved in recent studies [71] to be representative for 
analysis of a drop formation and to determine the possibility of the fluid to be ejected. The 
Reynolds number represents a dimensionless ratio of the inertial forces against the viscous 
stress within a droplet: 
                         Re = 	                         (2.14) 
Where ρ is the density, d the orifice diameter, v the velocity and η the viscosity of the droplet. 
The Weber number is a dimensionless ratio of inertia forces versus the interfacial 
stress, describing the kinetic-surface energy conversion governed by both the speed of the jet 
and the surface tension: 
                         We = 	


                         (2.15) 
where γ is the surface tension of the liquid. Both numbers affect the droplet impact and 
spreading. Typically for inkjet print process, both the Reynolds and Weber numbers are 
38 
 
relatively low and in the order of 1-100, as the velocity and the size of the droplets are 
relatively small, which usually prevents splashing of the deposited droplets on the surface. 
The Z-number, which is the inverse of the Ohnesorgenumber (Oh) can be written as a 
function of both dimensionless Re and We number: 
          Z =Oh−1= √ =
	
                         (2.16) 
A droplet can be ejected by a DoD printer if Z is in the range 1-10 and that the droplet 
volume increases as the value of Z increases. The lower limit (Z < 1) is determined by the 
viscosity and usually high pressure is required to eject a droplet whereas the upper limit (Z > 
10) represents the formation of satellite droplets [72] (figure2.12). 
 
Figure 2.12 Images of ejected droplets of inks with Z > 10 (left) and 1 < Z< 10 (right). From 
[73] 
2.3.5 Ink on substrate  
2.3.5.1 Adhesion  
Adhesion describes the work necessary to separate the atoms or molecules at the interface. 
Two surfaces can be held together by Van der Waals’s forces, electrostatic forces or chemical 
bonding forces.  
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The surface tension of an ink and the surface energy of a substrate have a profound 
effect on the way in which the liquid wets the substrate and on the strength of the adhesive 
bond between the substrate and the dry film. If the surface tension of the ink is greater than 
the surface energy of the substrate then the fluid will not spread out forming a continuous 
film. Decreasing the surface tension of the ink (for example by adding a surfactant into a 
formula) will result in easier wetting of a substrate by an ink and consequently better 
adhesion. The surface energy is only one aspect of controlling the complex phenomenon that 
we refer to as adhesion. Adhesive testing involves the application of force to remove the film 
from the substrate. The aim is to measure the force needed to overcome the forces of 
adhesion between film and substrate. There are several methods of quantifying the adhesion 
of a film to a substrate. Mechanical method includes Scotch tape test [74], abrasion test [75] 
or stretch test [76]. In mechanical method adhesion is measured by applying a force to film-
substrate system. The applied forces cause a mechanical stress at the interface, which on an 
appropriate level causes the removal of the film from the substrate [77]. The load at which a 
separation of film and substrate take place is called a critical load and is taken as a measure of 
adhesion [78]. 
2.3.5.2 Hardness 
According to Braun a harness is the resistance to local non-homogeneous deformation caused 
by line-shaped force centres [79]. Hardness tests measure the resistance to damage with a 
specified amount of deformation, principally the deformation leading to damage. For film on 
a hard substrate, the resistance to deformation increases with decreasing layer thickness. This 
means, in order to measure an actual hardness of the film, the thicker film the better. 
The purpose of the hardness testing is to analyse the behaviour of the film on the 
substrate subjected to practical conditions. The properties of the film will influence the 
performance of a device under various conditions. 
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The most common method for testing the mechanical properties is nanoidentation. 
The technique was developed in the mid-1970s and is based on subjecting the sample to 
forces, usually by the action of a hard tip whose mechanical properties are known. The load 
placed on the indenter tip is applying to the surface of the film at progressively greater load 
until the user-defined value. The area of the residual indentation in the material is measured 
and the hardness, H, is calculated from equation (2.16). 
             H=Pmax/Ar                                   (2.17) 
where Pmax is a maximum load and Ar is a residual indentation area.  
Hardness also can be defined as a function of depth. During a test, a load and depth of 
penetration can be measured, and then the area of the indent is determined using the known 
geometry of the indentation tip. These values can be plotted on a graph to create a load-
displacement curves. These curves can be used to deduce mechanical properties of the 
sample. 
2.3.5.3 Resistivity 
The conventional technique 
Electrical resistivity (ρ) is a measure of how strongly a material resists the flow of electrical 
current and it is the inverse of conductivity (σ). The following procedure is usually applied 
when the resistivity is to be evaluated. A conductive ink is printed in a simple pattern and 
then sintered at a given temperature. The next step involves the resistance measurement using 
a 4-point probe. The sample height (h) needed to calculate the resistivity is determined by 
direct measurement, for example using a microscopy or Dektak instrument. Finally the 
resistivity is calculated using equation (2.18). 
             ρ = RA/l                        (2.18) 
where A is the conductive cross-sectional area and l is the conductive path length. In the SI 
system, the unit of resistivity is the ohm*meter (Ωm). 
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The resistivity of pure metals at room temperature extends from 1.68 × 10-8  Ωm for 
silver, the best conductor, to 135 × 10-8 Ωm for manganese, the poorest pure metallic 
conductor. As the temperature decreases toward absolute zero, resistivity drops down to a 
very low residual value for some metals. At some temperature above absolute zero the 
resistivity of other metals suddenly changes to zero, and they become superconductors.  
The resistivity values reported in literature for printed features using commercial 
silver based inks are higher than that of bulk silver. This can be due to incomplete particle-
to–particle contact, residual porosity and a presence of organic additives.  
 
The van der Pauw technique 
The advantage of the van der Pauw (vdP) technique for resistivity measurements is that it 
allows to take a measurement without knowing exact sample geometry. Initially, the 
technique was developed in order to measure the resistivity and the sheet resistance of thin 
and flat samples of semiconductors, but it can also applied to the case of conductors. 
Figure 2.13 shows an example of contact disposition on the edge of a sample in the van der 
Pauw technique. To make a measurement, a current flows along one edge of the sample (for 
instance, IAB) and the voltage across the opposite edge (in this case, VCD) is measured. Using 
equation (2.19) resistance of the sample can be calculated and later the resistivity is obtained 
from equation 2.21.  
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Figure 2.13 Example of contact disposition on the edge of a sample, in the van der Pauw 
technique 
 
                                           RAB,CD= 

                                              (2.19) 
for a square printed area 
                      RAB,CD = RBC, DA                                                                                     (2.20) 
and f = 1
 
                                       =    (RAB,CD + RBC,DA/2) f (RAB,CD/RBC,DA).                                 (2.21) 
where d is the film thickness. 
L.J. van der Pauw [80] showed that the resistivity of a certain sample of arbitrary 
shape without knowing the current pattern can be determined when the following conditions 
are satisfied: 
1. The sample must be homogeneous in thickness 
2. The sample must not have isolated holes 
3. All four contacts must be located at the edges of the material 
4. The area of contact should be sufficient small. In principal, an order of magnitude smaller 
than the area of the entire sample 
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The resistivity values reported in literature vary with the size of particles and ink 
formula, as well as the sintering method and time used. Lee et al. [81] obtained a resistivity 
value of 16 µΩ cm while using water-diethylene glycol based Ag ink which was sintered at 
260 ºC for 3 minutes. Fuller et al. [82] studied silver ink containing 5-7nm particles dispersed 
in α-terpineol, the obtained resistivity was found to be 3 µΩ cm after sintering at 300 ºC for 
10 min. Perelaer et al. [52] applied microwave radiation to a dispersed nanoparticles (5-10 
nm) in tetradecane and obtained resistivity of 30 µΩ cm. 
2.3.5.4 Transparency. Transparent Electrode materials 
Transparency is a physical property of allowing the transmission of light through a material. 
Transparent materials possess bandgaps with energies corresponding to wavelengths which 
are shorter than the visible range of 390 nm to 750 nm. As such, photons with energies below 
the bandgap are not absorbed by these materials and thus visible light passes through. 
Materials with high electrical conductivity and optical transparency are important 
components of many electronic and optoelectronic devices such as liquid crystal displays, 
electronic paper, solar cells, and light emitting diodes [83-85]. The most extensively used 
material for transparent electrodes is indium tin oxide (ITO). However there has been a quest 
to look for materials with improved bending, lower cost and higher transmittance that can 
replace ITO. Towards this objective, various types of new materials have been developed by 
different groups, among which carbon nanotube (CNT) films [86] and, more recently, 
grapheme [87,88] have been successfully used as the transparent conductive electrodes (TCE) 
in organic light emitting diodes [89] and solar cells [90]. However, their performance in 
terms of sheet resistance and transparency is still lower than of the ITO. Two research groups 
[91] employed Ag nanowires to fabricate TCEs with better performance which were further 
successfully used in organic solar cells [92, 93].  
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2.3.5.5 Morphology of the printed pattern. 
One of the challenges of printing conductive materials is to obtain desired morphology and 
geometry of the pattern. The ability of controlling the geometry of the printed features is very 
important in determining its electrical resistivity and mechanical adhesion. For conductive 
tracks, ideal printed lines should be straight and smooth. Additionally, in order to optimize 
the electrical performance of the printed features, defects such as discontinuity of the deposit, 
spreading of the ink or edge irregularities have to be avoided. 
In order to control the morphology of the film on the substrates, various actions can 
be taken. One is to adjust the dot spacing parameter. The dot spacing is the centre-to-centre 
distance between two adjacent droplets. Figure 2.14 shows the various dots spacing during 
printing. When chosen dot spacing between two droplets on the substrate is larger than the 
droplets themselves and the continuous film will not be formed, in either x- or y-direction. 
The dot spacing in one of the two dimensions smaller or equal to the droplet diameter at the 
substrate will result in the formation of lines. When the dot spacing in two dimensions is 
equal to or smaller than the droplet diameter, a continuous film will form. 
                 (a)                                                 (b)                                  (c) 
 
Figure 2.14 Schematic representation of concept of varied dot spacing 
 
The other way to control the morphology of printed features is related to ink’s 
properties, where those properties are viscosity, surface tension, and wetting. In order to limit 
the mobility of the ink on the substrate, and in the same time to avoid the spreading of the 
ink, the phase-change inks, such as alumina-filled wax suspensions [72, 94] can be used. In 
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this case, the ink is kept in a liquid phase (using high temperature) before jetting. By using 
much cooler substrate; the landed drop can rapidly solidify, thus controlling spreading and 
feature geometry. However, a few problems associated with using wax-based inks were 
recognised. Namely, the additional step is required to remove the solidified carrier fluid 
which can cause shrinkage-related anisotropy in the final product [95] and the risk of losing 
the resolution of the pattern is high as following layers of ink will melt the underlying 
deposits at the moment of impact, when the fabrication of three-dimensional structures is 
used. 
Pereler et al. [96], in order to control the geometry of inkjet printed features on a 
substrate, used the block copolymer PVME612- b -PVOBA38 in their ink formula and printed 
an aqueous TiO2 nanoparticle ink above a certain temperature, where the solubility of the 
polymer was limited and gel was formed. Obtained droplets and lines with improved 
morphological control were achieved using this thermal gelation effect. 
The other way to control the ink behaviour on the substrate is to modify the surface 
energy of a substrate [97]. Pre-pattering is an approach based on creating patterns composed 
of varying surface energies on the substrate, which direct the printed ink into regions of 
preferential wetting. For example, Sirringhaus et al. [98] used a water-based polymer and pre-
patterning to obtain straight line width of 5 micrometers. Disadvantages of this approach 
include increased processing time due to a need of pre-patterning the substrate and 
complication of the process as some of the patterns require the use of lithography masks to 
produce surface energy patterns. 
Another and more reasonable approach is the use of hot-embossing or nano-
imprinting method [99,100]. The hot embossing process involves master being pressed for a 
few minutes into a substrate. Using a thin film of a thermoplastic polymer that has been 
heated above its glass transition temperature a very fine sized structure, for example, circular 
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features with diameters of 25 nm has been fabricated [101,102]. Once the substrate is 
structured, it can be filled with inks using capillary forces. 
2.4 Synthesis of silver nanomaterials 
2.4.1 Synthesis of silver nanoparticles 
Silver is a soft, transition metal with the highest electrical and thermal conductivity of any 
metal and the lowest contact resistance. Silver can be found in nature as an alloy with gold 
and other metals, and in minerals such as argenite and chlorargyrite. It is stable in pure air 
and water; however it routine when it is exposed to air or water containing ozone or hydrogen 
sulphide [103]. 
The properties of material depend strongly on their size due to a greater surface area 
per weight. The size and morphology determine their application potential.  
 There are generally two approaches for fabrication of nanomaterials: top down and 
bottom up. Top-down is characterized by the production of nanoproducts by reducing the 
dimensions of the original. It can be made by applying specific machining and etching 
techniques such as lithography, ball milling, cutting, grinding, etc., giving rise to electronic 
devices, quantum well lasers, computer chips and high quality optical mirrors.  
The bottom-up approach is related to the controlled assembly of atomic and molecular 
aggregates into larger systems. These generally fall into two categories: condensation from a 
vapour and chemical synthesis.  
Condensation from vapour is a method used to make metallic and metal oxide 
ceramic nanoparticles. It consists of evaporation of a solid metal followed by rapid 
condensation to form nanosized clusters that settle in the form of powder. Well known 
variations of this method are vacuum evaporation on running liquids (VERL) and chemical 
vapour deposition (CVD). Synthesis of nanoparticles in the gas phase for electronic, optical 
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and magnetic applications was shown very well in the review of ref. [104]. The chemical 
synthesis approach seems to be a more effective technique for controlling the final shape of 
the particles than vapour condensation [105]. The typical example is a sol-gel approach, or 
microemulsion. This technique is based on growing nanoparticles in a liquid medium 
composed of various reactants. The desired size is reached by choosing chemicals that either 
form stable particles, or stop growing at a certain size.  
Several methods have been developed to chemically synthesize silver nanoparticles. 
For example, citrate synthesis (the Turkevich method) [106], Borohydride method [107], 
water-organic two-phase synthesis [108], organic reducing agent (Tollens reaction) synthesis 
[109], inverse micelles synthesis [110], Laser ablation method [111], photolysis [112], and 
biosynthesis [113].  
In recent years, silver nanoparticles (AgNPs) have received increasing attention with 
the rapid development in the field of electronic devices. AgNPs found their applications also 
in the treatment of diseases that require maintenance of circulating drug concentration or 
targeting of specific cells or organs [114]. For example, Ag NPs have been shown to interact 
with the HIV-1virus and inhibit its ability to bind host cells in vitro [115]. 
2.4.1.1 Super critical carbon dioxide method (sc CO2) 
The supercritical fluids (SCFs) are substances at a temperature and pressure above its critical 
point (figure 2.15). Their viscosity, density and diffusivity can be modulated by small 
pressure and temperature variations, as a result, they are considered as liquid-like or gas-like, 
depending on the conditions and the application. 
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Figure 2.15 Carbon dioxide pressure-temperature phase diagram 
 
The density of supercritical fluid is similar to that of liquids but viscosity and 
diffusivity are closer to that of gases. These features let supercritical fluids penetrate into the 
porous structure and extract the solute from the solid. Methods using supercritical fluids 
allow the creation of ultra fine powders, by controlling the size and shape of the nanoparticles 
produced. 
There are many supercritical fluids which are generally flexible, more simplified and 
with a reduced environmental impact that can be used in the preparation of a great variety of 
nanomaterials, such as CO2, water, propane, acetone, N2O, trifluoromethane, ethanol, 
acetone, ammonia, dimethyl sulfoxide (DMSO) and N-methyl pyrrolidone (NMP). 
Several variants, for example, solvent, solute, reaction media, antisolvent and 
emulsion phase, in SCF technology that allow the creation of the desired products by control 
of its size and morphology can be found in literatures. Table 2.2 shows common methods in 
terms of the played role by supercritical fluid CO2. 
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Table 2.2 Supercritical methods in terms of the role played by scCO2 
 
The methods used in the present work consist of two modes, RESS and GAS/SAS. Both 
methods are described below. 
RESS 
This method consists of the saturation of the supercritical fluid with a solid substrate and 
rapidly depressurising this solution through a heated nozzle into a low pressure chamber, 
causing an extremely rapid nucleation of the substrate in highly dispersed material. The 
The role of 
scCO2 
Methods Nanomaterials Ref. 
As a solvent RESS- The rapid expansion of 
supercritical solution 
 
(PbS) [116]  
RESS-SC (Rapid Expansion of a 
Supercritical Solution-Solid Co-
solvent) 
phenytoin [117] 
RESOLV- The rapid expansion of 
a supercritical solution into a 
liquid solvent 
Ag [118] 
 
As an 
emulsion 
phase 
water-in-CO2microemulsion Ag, CdS, ZnS [119],[120] 
 
As an 
antisolvent 
(cooprecpant)  
 
GAS - Gas Anti Solvent  (operated 
in batch) 
Lysozyme [121] 
SAS (Supercritical Anti Solvent)   
operated in semi-continuous mode 
Fullerene [122] 
As a reactant. 
 
Supercitical hydrothermal 
synthesis 
TiO2, ZrO [123,124] 
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morphology of the resulting solid material, crystalline or amorphous and size distribution  
depends on the chemical structure of the material and can be controlled by the RESS 
parameters (e.g. temperature, pressure drop, impact distance of the jet against a surface and 
nozzle geometry) [125]. The advantage coming from this method is the absence of organic 
solvent; however the limitations lay in the requirement of products that present reasonable 
solubility in supercritical carbon dioxide which is the widely used in SCF. 
GAS/SAS 
In this method a liquid solution contains the solute, insoluble in SCF, to be micronized, while 
the supercritical fluid is completely miscible with the liquid solvent. As a rule, SC-CO2 is 
used. Therefore, contacting the liquid solution with the SCF induces the formation of a 
solution and produces supersaturation and precipitation of the solute. The process can be 
operated in batch or in semi-continuous mode. In the case of batch operation the process is 
called GAS (Gas Anti Solvent, CO2 plays role as a precipitant) where a given quantity of the 
liquid solution is placed in a precipitation vessel and the supercritical antisolvent is added 
until the final pressure is obtained. In the case of semicontinuous operation the process is 
called SAS (Supercritical Anti Solvent) and then the supercritical anti-solvent and the liquid 
solution are continuously delivered to the precipitation vessel in co-current or counter-current 
mode. In this method, several factors play important roles. One is the liquid solution injection 
device and another is the high-pressure vapour-liquid equilibrium (VLE) and mass transfer 
between the liquid and the SCF. Particularly, VLEs of the ternary system solute solvent-
antisolvent and the position of the operating point in SAS processing with respect to these 
VLEs can be crucial for the success of the process. 
Various solvents that have affinity with SC-CO2 can be used, which increases the 
possibility of applying the technique to several compounds with different properties. The 
chosen solvent also has an influence on the final product.  
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The most used solvents are DMSO and NMP, methanol (MeOH), acetone, toluene 
and ethyl acetate (EtAc). Ethanol (EtOH), due to its chemical structure and the possibility to 
easily form hydrogen bridges, is used less often as  it interacts strongly with the solid 
compound dissolved in it and modifies the VLE solvent-antisolvent-solute in an 
unpredictable way. Water cannot be used as solvent because of its relatively low solubility in 
SC-CO2. 
2.4.1.2 Wet chemistry method  
Wet chemistry method belongs to bottom-up approach which refers to the build-up of a 
material from the bottom: atom-by-atom, molecule-by-molecule, or cluster-by-cluster. The 
advantage of this method is the potential to produce quantities of the final product. Moreover 
it is a very convenient way to control the size and shape of the particles [126]. The method is 
based on reduction of metal salts in the presence of suitable capping agents to generate metal 
particles. Generally speaking the main parameters in wet chemistry method are the type and 
concentration of reagents, their redox potentials and rate of addition, type and concentration 
of protective agents, temperature, and pH [127]. The difference in the redox potentials of the 
reagents (∆E) is the driving force of the ion metal reduction process (mOxn+ + Red = mOx0 + 
Redmn+). It correlates with the Gibb's free energy of the reaction at standard conditions: 
       ∆G = − nF∆E+ RTlnK                       (2.22) 
(where K = equilibrium constant, n = the number of electrons in a reaction equation, F = 
Farady’s constant). 
The reduction process is thermodynamically possible only if the redox potential of the 
reducer is more negative than that of the oxidizer (in this case metal precursor) and, 
consequently, ∆E is positive. This difference should be larger than 0.3–0.4 V; otherwise the 
reduction will proceed too slowly and may not result in the formation of nanoparticles [138]. 
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Particle size distribution depends on the interaction between nucleation and particle growth 
processes that occur during preparation. By influencing the relative rates of these processes 
the particle size can be determined. In order to control the growth of particles a number of 
parameters can be adjusted, such as temperature and concentration of the metal precursor, the 
nature of stabilizing or reducing agent. Using a fast reduction agent results in the formation of 
many silver seeds at the beginning of the synthesis process. This high amount of silver seeds 
will shorten the growing time of silver seeds and prevent the formation of larger 
nanoparticles. If the solution is homogenous there is a high chance that particles end within a 
narrow size distribution [129]. 
2.4.2 Synthesis of Ag nanowires 
Ag nanowires (AgNWs) received a great interest due to their unique optical, thermal and 
electrical conductivity. Moreover, they can serve as a template to generate other 
nanostructures, usually hard to obtain, e.g gold nanotubes [130]. 
 Over ten years a number of research groups investigated strategies for the synthesis of size –
controllable Ag NWs. There are generally two approaches for the fabrication of AgNWs: the 
vapour deposition which mainly utilizes physical methods such as an electron beam, and the 
second, liquid phase growth approach. The liquid phase synthesis has the advantage of 
possibly using a range of solvents, simple monitoring technology, and low cost. 
 
Polyol method 
Polyol process was originally developed by Fievet et al. [131] for synthesis of metallic 
nanoparticles. Xia et al. [132] developed further this method for obtaining Ag NWs by the 
injection of AgNO3 and PVP solutions drop-by-drop into ethylene glycol (EG) solution 
heated to 160 ºC.  In this process AgNWs are obtained by self-seeding process where EG acts 
as both solvent and reducing agent. The necessary factors that influence the formation of 
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nanowires are: low precursor concentration, slow addition rates, and right molar ratio 
between the repeating unit of PVP and AgNO3. 
Salt-mediated polyol processs 
The same research group, developed a salt-mediated polyol process that is based on polyol 
process but the reaction takes place in the additional presence of at race amount of salt, such 
as NaCl, Fe(NO)3, CuCl2, CuCl [133,134]. The salt-mediated method is a simple and 
effective process when the mass synthesis of AgNWs is needed. For instance, they obtained 
high yield of AgNWs by reducing AgNO3 with EG heated to 148 ºC in the presence of PVP 
and NaCl. In another experiment, in order to obtain AgNWs, Xia et al [132] used polyol 
process with the addition of CuCl or CuCl2 salts. Based on the obtained results, they 
suggested that the trace amount of Cl- plays important role in the polyol process for Ag NWs 
synthesis. Cl- ions supports the electrostatic stabilisation for the silver seedsthat are primarily 
formed. Presented Cl- ions in a solution react with Ag+ ions forming AgCl, which reduces 
concentration of Ag+ in a solution and allows slow release of Ag+ which consequently 
enable the formation of high yield thermodynamically more stable metal particles which are 
further needed for wire growth. 
Seed-mediated growth method 
AgNWs have also been synthesised by solution–phase method where AgNO3 is reduced in 
EG, in the presence of PtCl2 at a high temperature using oil bath [135]. It was suggested that 
the formation of AgNWs is via two steps. In the first step, 5 nm Pt nanoparticles are formed 
by reducing PtCl2 with EG. The second step involves nucleation and growth of Ag NWs by 
adding AgNO3 and PVP solutions into the reaction medium. At high temperature silver 
nanoparticles with larger sizes are able to grow at the expanse of smaller ones through 
Ostwald ripening [135]. This is a spontaneous process which is based on dissolving small 
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crystals or sol particles, and their redeposit onto larger crystals or sol particles. Larger 
crystals are more energetically favoured than smaller crystals. Although the formation of 
many small crystals is kinetically favoured (i.e. they nucleate more easily), they are 
energetically less stable than the ones already well ordered and packed in the interior. This is 
due to larger surface area to volume ratio molecules on the surface of small crystals. Large 
crystals are thermodynamically favoured and with their greater volume to surface area ratio, 
they represent a lower energy state. Thus, many small crystals will attain a lower energy state 
if transformed into large crystals. 
 
 
 
 
 
 
 
 
 
 
 
 
55 
 
Chapter 3 
Experimental methodology 
In this chapter the experimental procedures and review of the characterisation methods are 
described. The first part of this chapter will present the preparation and characterisation of the 
Ag particles using wet chemistry and scCO2 method and synthesis of nanowirers by polyol 
process. The second part of this chapter concerns preparation and characterisation of the 
nanofluids. The final part of this chapter explains the deposition methods for film preparation 
and the method for their characterisation. 
3.1 Synthesis of silver powder 
3.1.1 Silver particle synthesis using scCO2 technology 
Figure 3.1 shows scCO2 equipment with all the parts for both, Supercritical Anti Solvent 
(SAS) and Rapid Expansion of Supercritical Solution (RESS) modes. 
 
Figure 3.1 Picture of the scCO2 setup used 
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 The equipment consists of CO2 bottle with liquid CO2 which is during the process 
pressurized to the desired pressure using a CO2 pump, and preheated to extraction 
temperature through a heat exchanger. Reaction vessel is made with steel, equipped with 
heating jacket to control the temperature and the lid with attached stirrer, and connected at the 
bottom with a collection vessel through the still pipe finished with a nozzle. ABPR pump 
which adjusts the fit of the attached needle, repeatedly closing and opening slightly as it 
attempts to maintain pressure, and High-Performance Liquid Chromatography (HPLC) pump 
for introducing the solution sample into the reaction vessel. 
For the nanoparticles synthesis experiment only RESS apparatus was used. Figure 3.2 
shows schematically the parts involved in the experiment. 
 
Figure 3.2 Schematic diagram of RESS mode equipment in supercritical fluid method 
 
Nanoparticle synthesis in supercritical environment followed by a rapid expansion 
was conducted. 0.04g of AgNO3 and 2.5 g of PVP were dissolved in 30 ml ethylene glycol 
followed by stirring for 20 min. Then 20 ml of so prepared solution was placed into a reaction 
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vessel with a maximum volume of 500 ml. When reactor was closed, CO2 was then charged 
into the cell by up to 10-25 MPa using the CO2 pump. The mixture of CO2 and AgNO3 
solution was stirred by rotating agitator at 200 rpm. The temperature and pressure for the 
process were maintained for required time (a range between 1 hr and 3 hrs). The dissolved 
polymer/dispersed silver particles mixture was sprayed through a capillary nozzle (0.8 mm in 
diameter), into container with solvent (for a 10 s) by opening a valve. The nozzle was 
maintained at 40 ºC with an electric heater to avoid plugging by solutes precipitation. Once 
the pressure was decreased sharply by opening the valve, the particles were formed and 
precipitated in a collection vessel. 
Two different pressures were analysed at various temperatures and reaction time. The 
produced powder was collected on a stainless steel located at the bottom of the vessel. 
3.1.2 Silver particles by wet chemistry method 
Ag nanoparticles were synthesized by a new approach developed in this work. All chemicals 
were used as purchased. Figure 3.3 shows the synthesis route to produce silver nanoparticles 
with controllable size.  
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Figure 3.3 Schematic illustration of the possible formation process of the silver nanoparticles 
 
Silver nitrate (2g) used as Ag precursor and surfactant dioctyl sodium sulfosucinate 
(AOT, 4g) as a capping agent were separately dissolved in water, forming 0.03M and 0.02M 
solutions respectively and then two solutions were mixed by adding the surfactant solution to 
the metal salt one. The mixture was kept stirring to form a foam. 40 ml of hydrazine, 
N2H4OH (1.5 mM) was then added to the solution. To complete the reaction 40 ml of 0.1M 
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NaOH aqueous solution was added to precipitate out Ag nanoparticles. The silver particles in 
the collapsed foam solution were collected, washed by isopropanol or acetone. 
3.1.3 Synthesis of Ag nanowires by polyol process 
Ag nanowires were synthesized by polyol process in the presence of Pt nanoparticle seeds 
using polyvinyl pyrrolidone (PVP, Mw = 40 000) as the protecting agent. The procedure is 
described as follows: 15 ml ethylene glycol (EG) was refluxed in a round flask with 
condenser at 160° for 1 h, and then 1.5 ml EG solution of PtCl2 (1.5 mM) was added quickly. 
After the reaction lasted for 4 min, 7.5 ml of an EG solution (0.12 M) containingAgNO3was 
added and then, 15 ml EG solution (0.001 M) of PVP was added into the refluxing solution 
dropwise. When the addition ended, the reaction mixture was further heated at 160° for 60 
min. The system was then cooled to room temperature, and the sample was washed with 
acetone and dried in air. 
3.2 Powder characterisation 
In order to characterise the final products, several techniques were used which include: 
- X-ray diffraction (XRD, D5005 Siemens) – It is a non-destructive analysis technique 
provides information on the microstructureof materials. This technique is carried out by 
observing the scattered intensity of an X-ray beam while hits a sample as a function of 
incident and scattered angle, polarization, and wavelength. The powder was placed on 
carbon tape attached to a glass slide. The scans were carried on in the range 20-60 2θ with 
a step size of 0.05° and a time per step of 1 s. 
- Scanning electron microscopy and particle size analysis (SEM, SFEG XL30 FEI) - 
provides information regarding the morphology and size of particles. A conductive carbon 
tape was stuck to an aluminium tip and the powder was placed on top of the tape. The 
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SEM parameters used for imaging were: through lens detector (TLD), spot size was 2 nm, 
working distance was 5 mm, , and acceleration voltage was10 kV. 
- Zeta potential (Malvern Zetasizer series) - these measurements provide information on the 
surface charge of a material and its isoelectric point. The size measurement of particle and 
molecule can be from one nanometer to several microns. The measurement is based on 
using dynamic light scattering, zeta potential and electrophoretic mobility of the particles. 
Samples were made up in 18.2 MΩ deionised water at a concentration of ~0.5 mg/ml and 
were sonicated for 15 minutes before zeta potential measurements were taken. The pH of 
the solution was manually adjusted by the addition of 0.1 M HCl or NaOH to ca. 10-15 ml 
of the suspension before the zeta potential was measured. 
- Thermogravimetric analyses (TGA) - This test determines changes in weight of the sample 
in relation to change in temperature. This analysis has a high degree of precision in three  
measurements: weight, temperature, and temperature change. In TGA process heat and 
stoichiometry ratios is utilized to determine the percent by mass of a solute. Analysis is 
based on increasing the temperature of the sample gradually and plotting weight 
(percentage) against temperature. Maximum reached temperature was 800 ºC. The 
experiment was performed with Setaram Setsys Evolution 16/18 apparatus at a heating 
rate of 10 ºC in air.  
- Nanoparticle tracking analysis (NTA) (Nanosight LM20) -    It’s an innovative system for 
sizing particles from about 30 to 1000 nm, with the lower detection limit being dependent 
on the refractive index of the nanoparticles. This technique combines laser light scattering 
microscopy (DLS) with a charge-coupled device (CCD) camera, which enables the 
visualization and recording of nanoparticles in solution. The NTA software is then able to 
identify and track individual nanoparticles moving under Brownian motion and relates the 
movement to a particle size according to the well known Stokes-Einstein equation. 
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- Ultraviolet–visible spectroscopy (UV-Vis) It is qualitative and quantitative analyses 
tchnique using light in the visible and adjacent (near-UV and near-infrared (NIR)) ranges 
which corresponds to electronic transitions of different origins.The absorbance data from 
the measurement can be related to the concentration of the sample by using Beer’s Law. 
Samples were prepared by dispersion of known amount of sample (very diluted) and then 
3 ml of the prepared solution was placed in a cuvette and submitted to the measurement. 
3.3 Ink development 
3.3.1 Inks formulation 
In a first part of the work two types of silver inks (AG1 and AG2) were developed and used 
in this work. The effect of various silver content (0.1-0.5 wt % and 10-40 wt % for AG1 and 
AG2 respectively) and dispersant (0.1-1 wt %), were checked on fluid properties such as 
viscosity, surface tension, aggregates formation and stability. 
Two different ways were adopted to mix the ink components. The ink AG1, using 
silver nanoparticles prepared by the method described in section 3.1.2 with final washing by 
IPA, was formulated in the following optimised way: 0.5 g of Ag powder was dispersed in 5 
g of an aqueous medium containing 0.6 wt% Pluronic F127. Pluronic F127 was utilised as a 
dispersant. Pluronic F127 is a nonionic, triblock copolymer (PEO 106 - PPO70 - PEO 106) 
surfactant terminating in primary hydroxyl with an average molar mass of 10,000.   The 
solution was then treated by High intensity focused ultrasounds (HIFU) (figure 3.4) for 60 
min. 
 
62 
 
 
Figure 3.4 HIFU equipment 
A second ink, AG2, using silver nanoparticles prepared by the same method as AG1 
but treated with acetone in the final step, was prepared in the following optimised way: 6 g of 
Ag powder were mixed in 9.6 g of an aqueous solution having 0.5 wt% Pluronic F127. HIFU 
treatment is not needed as this powder disperses spontaneously.  
In a second part of the work silver nanowires ink was formulated. The effect of five 
different surfactants in various solvents on stability and film uniformity of the AgNWs 
dispersion was investigated. Water and methanol were chosen as a dispersion medium and 
the AOT, CTAB, PVA, and F127 were chosen as dispersing agents.  For this purpose known 
amount of Ag NWs was dispersed in 6ml of methanol with addition of each surfactant and 
was analysed with UV-Vis spectrophotometer. 
3.3.2 Physicochemical properties of silver nanofluids 
3.3.2.1 Rheological properties of silver inks 
Rheological properties of both inks (AG1 and AG2) were characterized using a Bohlin CVO 
rheometer (Bohlin Instrument, Ltd.). The viscosity of the colloidal aqueous suspensions 
containing silver particles and copolymer F127 was measured at 25 ºC in the range of shear 
rate (1-1000/s) using a cup and bob configuration (C14 DIN 53019). Before this 
Power supply Shock wave generator 
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measurement, on a 3 ml sample, a pre-shear of 200 s-1 was applied for 30 s, and followed by 
an equilibration time of 60 s. 
3.3.2.2 Surface tension measurement 
Surface tension measurement was based on the weight of the drop of the fluid 
(Stalagmometric method) prepared using the method described in section 3.3.1. Firstly the 
weight of 50 drops of deionised water was measured and then 50 drops of sample were 
weighted. 
The surface tension (Γ) of liquid was calculated from the equation 3.1. 
  Γ = γ1 *m2/m1                                     (3.1) 
where, γ1 is a surface tension of water [72*10-3mN], m1 mass of water’s drop and m2 mass of 
measured liquid’s drop. 
3.3.2.3 Stability studies 
To evaluate the stability of nanofluid streated by HIFU with the presence of F127 copolymer, 
the viscosity of nanofluids, containing 5 wt% Ag nanoparticles, 0.6 wt% dispersant and 
treated by HIFU for 60 min, was measured against the time over 20 days.  The rheometer 
(Bohlin Instrument, Ltd.) was used to conduct the measurements with varying shear rate. The 
same measurement was performed for AG2 ink containing 40 wt% silver nanoparticles and 5 
wt % of F127. 
3.3.2.4 Extractability properties of the dispersants  
First, a calibration curve was prepared and the concentration of Ag NWs dispersed into the 
solution was determined. For this purpose a number of solutions of the Ag NWs each of 
accurately known concentration were prepared.  Then for each solution, measure the 
absorbance at the wavelength of strongest absorption was measured. Subsequently a graph of 
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that absorbance against concentration was plotted to obtain a calibration curve and the 
corresponding concentrations for AgNWs samples were read from the graph.  
Dispersions were analyzed with UV–vis spectroscopy and the maximum extractable 
concentration of Ag NWs (at 0.25 wt% surfactant concentration) was determined for each of 
the surfactants. The baseline correction was carried out using pure 0.25 wt% solutions of the 
four surfactants so that their absorbance values got subtracted from that of Ag NWs 
dispersions. 
In order to find the optimum Ag NWs-to-F127 ratio, a concentration of F127 was 
varied from 0.05 to 0.25 wt%, keeping the amount of Ag NWs constant, using methanol as a 
solvent. Constant Ag NWs concentrations used in these experiments were the maximum 
extractable concentrations of Ag NWs chosen from the first turn of experiments for 0.25 wt% 
surfactant concentration. Constant Ag NWs concentrations were selected to be 7 mmol and 
again, the samples were analyzed using UV–vis spectroscope. 
3.4 Characterization of deposited films 
3.4.1 Ink jet printing 
Inkjet printing was carried out with a DoD Fujifilm Dimatix DMP-2831 ink jet printer (figure 
3.5). Silver inks prepared as described in sections 5.3.1 were used to print at room 
temperature and typically into a pattern of one line with a length of 5mm. 
The inks were printed on three different substrates, 520 µm thick silicon substrate, 
480 µm alumina, and 810 µm LTCC tapes. 
Disposable cartridges (DMC-11610) used in this work are equipped with 16 silicon 
nozzles located at 254 µm spacing; the orifice size of each nozzle is approximately 21 µm. 
The ink droplets ejection was achieved by applying a 25 V pulse lasting 15 s at a frequency 
of 1000 Hz. The substrate temperature was varied from 20 to 60°C. 
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Figure 3.5 Fujifilm Dimatix DMP-2831 ink jet printer 
 
In printing process several parameters were examined to determine their influence on 
the print quality. The drop spacing (DS) was varied between 5 and 60 µm. A printed pattern 
were composed of a square of 10x10 pixels and 5 mm long line varied in width between 200 
and 300 µm, both were printed a CPH of 0.35 mmand at a voltage of 25 V. 
3.4.2 Meyer rods 
In order to determine conductive and transparency properties of the Ag NWs, AgNWs films 
were deposited on the previously glass and plastic substrates using Meyer rods. 
The ink utilised for this purpose was a AgNWs dispersed in methanol with addition of 0.7 
wt% of F127. Prior to the deposition, the glass was washed with acetone and isopropanol and 
then heated for 30 seconds at 200°C in order to evaporate any residual solvent. The organic 
components were removed by heating the wafer at 120 ºC for 10 min. The films were built up 
by depositing several layers of the Ag NW ink.  
To deposit AgNWs film on a substrate, AgNWs ink was dropped on a plastic or a glass 
substrate. Then, a Mayer rod was pulled over the solution (figure 3.6) leaving a uniform layer 
of the AgNWs ink on a substrate with the thickness dependent on the used rod wires 
Cartridge 
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distribution as shown in Figure 3.6. Different Ag NW films were obtained in terms of 
resistivity and transparency properties by depositing 1, 2, or 3 Ag NWs layers. 
 
Figure 3.6 Meyer rod coating setup for Ag NW coating on plastic substrate 
3.4.3 Characterisation 
The morphology of printed lines was measured by a reflective light optical microscope 
(Nikon Optiphot 2) scanning electron microscopy (SEM, SFEG XL30 FEI). A confocal 
scanning laser microscope (Olympus Lext OLS3100) was used to check surface topography 
(profile) and roughness. The thickness of printed silver tracks was measured with a Dektak 
instrument. 
3.4.3.1 Conductivity measurement 
Conductivity measurements of printed tracks on substrates were performed using a four probe 
technique. The printed film was firstly heated for 10 min in a range of temperature between 
200 and 700 ºC. After cooling down the samples to room temperature the resistivity of the 
film was measured. 
3.4.3.2 Adhesion studies 
Adhesion study involves investigating incorporation of a nanosized silica fume as an 
adhesion promoter within the ink silver. Adhesion tests were first carried out using a 
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conventional scratch tester (model ST-3001) but it was found that films failed at the 
minimum available load (1N). Following this, trials have been carried out using a nanotest 
nanoindentak model 600 nano-indenter in scratch test mode. In these measurements the stylus 
is scanned over the sample three times: the first and third with minimal force to measure the 
initial and final topography, and the second with a pre-defined load applied to test film 
adhesion. In the  tests a maximum load of 200 mN was used in a scan across a ~ 2µm thick, 
~300 µm wide Ag track (printed onto alumina tape and sintered at  350 °C for 10 minutes) In 
results has been showed that 200 mN was not enough to scratch the film with addition of 
silica. Hence, in order to test the effect of various content of silica in silver ink on adhesion of 
the film to the substrate, a peel off test was employed. In this case, tapes with various force of 
adhesion were used indicated by different colours, blue with lowest adhesion (strength σ), 
yellow with higher adhesion and green with highest adhesion. 
 
3.4.3.3 Hardness measurement 
The hardness of the printed films was measured with an indenter (nanoindentak model 600 
nano-indenter).  This technique has the advantage of being able to measure properties such as 
hardness and elastic modulus without removing a film from the substrate. 
Silver thick films of 10 mm2 dimensions were prepared by inkjet printing technique 
on an alumina substrate. The printed patterns were allowed to settle for 10 min, and then 
dried at different temperature varied from 350 ºC to 700 ºC for 10 min. The load placed on 
the indenter tip was applied to the surface of the film at progressively greater load until the 
user-defined value. The area of the residual indentation in the material was measured. 
3.4.3.4 Transparency 
Optical transmission spectra of AgNWs films on either PET or glass were obtained using a 
UV-Vis spectrometer with either bare PET or glass as the reference. Transparent materials 
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possess bandgaps with energies corresponding to wavelengths which are shorter than the 
visible range of 200 nm to 750 nm. As such, photons with energies below the bandgap are not 
collected by the tested materials and thus visible light passes through.  
Ag films were obtained by depositing AgNWs ink on glass and plastic substrates 
using Meyer rods (method described in section 3.4.2). Then the films were dried at 120 ºC for 
10 min. 
3.5 Printing onto embossed structures 
The micro-channels were formed by embossing of the silicon wafer and by laser machine on 
alumina tape and Low Temperature Co-fired Ceramic (LTCC) substrates. The embossing 
process involves a master being pressed for a few minutes into a thin film of an alumina 
substrate. Once recessed topography structures have been formed, a silver nanoparticle ink 
was dispensed over the as-formed microchannels using an inkjet printer (Dimatix), described 
in section 3.4.1. 
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Chapter 4 
Synthesis and characterisation of silver nanomaterials 
4.1 Introduction 
Small and spherical Ag particles are required for the development of an ink suitable for ink 
jet printing. Powders should have diameters less than 1/100 the size of the nozzle diameter 
that is usually in a few or a few tens of micrometers, otherwise nozzle clogging would 
normally occur. Such a small size gives the particles unique properties which directly relate 
to their dimensions and to the fact that a large ratio of the atoms in the particle is in the 
surface of the particle. One of the advantages coming from the nano-size of material is a 
dramatic reduction in melting point. Moreover, the optical, electronic and magnetic properties 
of particles improve with the size reduction. 
For the preparation of nanoparticles, small size is not the only requirement. For any 
practical application and especially ink formulation, the processing conditions needs to be 
controlled in such a way that resulting material characterised with uniform size distribution, 
identical morphology, chemical composition, and crystal structure of particles. Additionally, 
the particles, in liquid medium should be individually dispersed or mono dispersed, so that no 
agglomeration occurs. Hence, it is very important to choose the most appropriate and 
efficient method, while the application of obtained particles aims for ink formulation. 
Several studies [136,137,138] including both top-down and bottom-up approaches, 
have been developed and applied for the synthesis of nanoparticles. Top-down techniques 
including milling, repeated quenching, and lithography can result in nanoparticles size 
ranging from a couple of tens to several hundreds nanometer in diameter. However, 
nanoparticles produced by for instance milling technique have usually a relatively broad size 
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distribution and varied particle shape. In addition, they may contain a significant amount of 
impurities from the milling balls which can affect the final product. 
Repeated quenching approach can also break down a bulk material into small 
aggregates, if the material has a very small thermal conductivity. However this process is 
difficult to design and control and also to produce the desired particle size and shape. 
Bottom-up techniques including physical and chemical methods, such as chemical 
reduction, electrochemical techniques, and photochemical reduction [129] are more popular 
due to better results in size uniformity and shape of particles. It has been reported that the 
size, morphology, stability and properties of the metal nanoparticles are strongly influenced 
by the experimental conditions [129]. 
All synthesis methods or techniques can be grouped into two categories: 
thermodynamic equilibrium approach and kinetic approach. In the first one, synthesis process 
consists of (1) generation of supersaturation, (2) nucleation, and (3) subsequent growth. In the 
kinetic approach, formation of nanoparticles is achieved by either limiting theamount of 
precursors available for the growth or confining the process in a limited space.  
In this chapter, the particle will be synthesised through thermodynamically 
equilibrium approach. The design of synthesis methods in which the size, morphology, 
stability and properties can be easily controlled is proposed.   
The results of the experimental investigation of silver nanoparticle synthesis using 
wet chemistry and supercritical carbon dioxide (scCO2) will be discussed in details.   
Wet chemistry is a cost effective, time saving and environmental friendly method. 
High yield and uniform particles are possible to obtain using this technique. On the other 
hand scCO2 is a very promising and above all, enviromental friendly method. Comparision of 
those two techniques for silver preparation is presented including analysis of the influence of 
process parameters on the particles’ size and morphology. 
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4.1.1 Objectives 
The objectives of this portion of the study were: 
1. To develop new chemical methods for the syntheses of silver nanoparticles  
2. To identify the influential factors in the synthesis of Ag nanoparticles 
3. To optimize the best conditions of the synthesis and achieve the ultimate goal of a 
small (< 100 nm), uniform Ag nanoparticlecs in high high yield (1 g from synthesis in 
a laboratory scale)  
4.2 Study of wet chemistry parameters on size and morphology of silver particles 
4.2.1 Effect of the silver nitride concentration 
Ag nanoparticles have been synthesized by the wet-chemical method described in section 
3.1.2 which is a simple and efficient synthesis procedure. The starting point of the synthesis 
is dissolution of silver nitrate in water, where metal salt splits into a positive silver ion (Ag+) 
and a negative nitrate ion (NO−3). In order to turn the silver ions into solid silver, a 
stoichiometric amount of hydrazine aqueous solution is added. Hydrazine as a fast reducing 
agent enables to achieve small particles. Using a fast reduction agent results in the formation 
of many silver seeds at the early stage of the synthesis process, and prevents the formation of 
larger nanoparticles. The chemical reaction may be written: 
  2AgNO3 + 4N2H4OH         2Ag + 5N2 + 10H2O                                          (4.1) 
 
When the silver seeds are formed it starts to grow continuously until the equilibrium between 
the final nanoparticles and the (Ag+) of the solution is reached [139]. 
The effect of silver nitrate concentration on the size and shape of Ag particles was 
determined by preparing different concentration of metal salt solutions. Figure 4.1 shows 
SEM images of particles synthesized with different precursor concentration. Three different 
concentrations of the salt precursor were used in this study. Concentration of AgNO3 was 
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varied from 5*10-4 to 3*10-2 M and hydrazine concentration from 1.25*10-4  to 7.5*10-3 M. It 
was found that the concentration has great influence on particle size. The particle size 
distributions became narrower and the average particle sizes decreased with decreasing 
concentration of silver nitrate. 
 
 
Figure 4.1 SEM micrograph of silver nanoparticles synthesised from (a) 0.05M, (b) 0.03M, 
and (c) 0.0005M solution of AgNO3 
 
 
Figure 4.2 Graph showing the size dependence on precursor concentration of the samples 
shown in figure 4.1 
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 At lower concentrations, the diffusion rates decrease and reduced number of ions is 
reduced, as a result, smaller particles form. While at higher concentrations more silver ions 
are available for reaction and the diffusion rates are higher. The ions react to form Ag which 
nucleates instantaneously, and then with further availability of ions, the nuclei grow into 
larger particles rather than causing fresh nucleation [129]. 
The XRD patterns of spherical Ag nanoparticles with size between 200-800 nm are shown in 
figure 4.3 All of the three characteristic peaks for silver (2θ = 38.2°, 44.4°, 64.5°, 77.5° and 
81.6°), corresponding to Miller indices (111), (200), (220), (311) and (222), are observed. 
The decrease of Ag nanoparticle size results in the decrease in the intensity of these peaks. 
The appearance of those peaks reveals that the resultant particles are pure face centred cubic 
(fcc) silver. 
 
Figure 4.3 XRD pattern of silver particles prepared with various concentration of AgNO3 
solution.AgNO3 
 
Reduction by hydrazine gave size of silver particles between 200 nm and 800 nm 
depend on silver salt concentration. Although the size of silver particles was reduced by 
means of decreasing its precursor concentration the particles still remained aggregated. 
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4.2.2 Effect of different capping agent on the formation of silver nanoparticles 
The next step in attempt of decreasing the size of particles was introducing the capping agent 
that would prevent further growth of particles. The purpose of surfactant or polymer is to 
preventing particles from agglomerating by producing a protective shell around the forming 
particle. The important condition is that the stabilizer molecules are dissolved in a good 
solvent. A large number of polymers is commercially available. In our experiment, as a first 
the PVP polymer was chosen as it has good reducing properties and forms easily complex 
with silver ions [140]. 
  PVP as a silver capping agent was introduced to AgNO3 and hydrazine solution. The 
molar ratio between PVP and AgNO3 was 1:1. Figure 4.4 shows the possible PVP protection 
mechanism.  
      
Figure 4.4 PVP protection mechanism of Ag nanoparticles 
The PVP donates a lone pair of electrons of oxygen and nitrogen to sp orbitals of 
silver ions which results in forming  Ag-ions-PVP complexes. The Ag ions mix more 
electronic clouds with PVP than from water as a result the silver ions in a complex with PVP 
are more easely reduced by hydrazine. Additionally, because of the PVP steric effect the 
aggregation and grains growth are prevented [141]. 
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Figure 4.5 shows SEM image (a) and XRD pattern (b) of silver particles prepared 
with a presence of PVP protecting agent. The addition of PVP considerably reduced the size 
of particles resulting in spherical silver nanoparticles as small as 20 nm. 
 
 
Figure 4.5 SEM micrograph (a) and XRD pattern (b) of silver particles prepared in presence 
of PVP  
 
The XRD patterns reveal the presence of Ag nanoparticles in obtained samples. All of 
the five characteristic peaks for silver (2θ = 38.2°, 44.4°, 64.5°, 77.5° and 81.6°), 
corresponding to Miller indices (111), (200), (220), (311) and (222), are observed. The 
particle size could be calculated from the Ag (111) diffraction line using Scherrer's formula, 
         t = k λ / β cos θ                                                (4.2) 
where t was the mean dimension of the crystallites, β was the full width at half maximum of 
the diffraction peak, θ was the diffraction angle, λ was the wave length of Cu Kα radiation 
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(0.1540 nm), and k was a constant (0.89). The calculated size of silver nanoparticle protected 
by PVP was about 20 nm which is in a good agreement with the value obtained from SEM.  
Although the size and shape of obtained particles with a presence of PVP were desired, there 
was a problem with separation of particles from the solution. With a view of improving this 
disadvantage the surfactant sodium bis (2-ethylhexyl) sulfosuccinate (AOT) was used as an 
alternative capping agent and a new simple procedure was described for the synthesis of 
silver particles. 
Reaction mechanism  
The aqueous foam was formed after an aqueous solution of AOT was added to an aqueous 
solution of AgNO3. Ag + ions were bonded electrostatic with AOT molecules at the air  
bubble-solution interface. The silver ions were reduced in the foam by hydrazine and results 
in the formation of silver nanoparticles stabilized by the anionic surfactants (figure 4.6). 
          
Figure 4.6 Schematic diagram of silver particle synthesis mechanism 
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Foam provides a high surface area of air bubbles dispersed in a liquid. The surfactant 
adsorbs at the gas-liquid interface stabilizing the bubbles of the foam. As a result the surface 
provides a high concentration of nucleation centres from which silver particles to grow. The 
surface therefore acts as a good template for crystallization. Silver ions are kept and spatially 
separated preventing the formation of large silver particles when reduced to silver metal.  
The high yield of synthesised silver particles was obtained, indicating that a foam-
based method for the synthesis of nanomaterials shows that the large internal surface area of 
the foam can be utilized to synthesize large amounts of nanomaterials in a single step. 
Figure 4.7 presents SEM (a) and XRD (b) pattern of Ag particles prepared in the 
presence of AOT stabilizing agent. The five diffraction peaks at 2θ of 38.2°, 44.4°, 64.5°, 
77.5° and 81.6° respectively could be indexed as (111), (200), (220), (311) and (222) Miller 
indices reflection of the face-centred cubic (fcc) structure of silver. The calculated size values 
for Ag samples protected by AOT, by Scherer formula at 2θ of 38.2º are general 
approximations to those of SEM observation which is 20 nm. Although silver is easily 
oxidized to oxides, some possible oxides such as (AgO, AgO2) are not observed in the XRD 
profiles. It might be due to the presence of a surfactant that forms a protective layer 
preventing oxidation of metal. It indicates that the presented synthetic method for Ag is 
feasible in achieving metallic silver structure as taking into account the fact that the samples 
have been exposed to the air and water for a long time during the synthesis, still remaining 
the absence of silver oxides. 
 
 
 
 Figure 4.7 SEM micrograph (a) and XRD pattern (b) of silver particles prepared with a 
presence of AOT 
 
Unlike the silver particles prepared with PVP
easily separated from the solution.
result low yield of particles protected by PVP was obtained. 
to be used in further processes.
It should also be mentioned that although polymer stabilizers play a very important 
role in the synthesis of metal nanoparticles, the synthesis without using any polymer 
stabilizers can be prepared as well. 
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dispersion of silver nanoparticles of 20–30 nm in size was found to be very stable due to  
electrostatic stabilization mechanism. However, the particle size is sensitively dependent on 
the synthesis temperature and any variation of temperature would results in a significant 
change of metal nanoparticles size. 
4.2.2.1 The effect of AOT concentration on particle size 
The appropriate amount of present surfactant in the solution is very important for the well 
working protection mechanism. From the thermodynamic point of view, the interaction 
between two approaching and fully covered by stabilizer particles will occur when the 
distance (d) between the particles becomes shorter than twice the thickness (L) of the 
stabilizer layer on the particles. In this case, the Gibbs free energy will increase and the 
particles repel each other. However, when there is not enough a stabilizer present to cover the 
surface, the polymer tends to interpenetrate into the other polymers in order to reduce the 
unoccupied space between them resulting in decreasing the Gibbs energy, hence causing 
further agglomeration [129]. This reduces the entropy of the system.  
Equation 4.3 expresses the change in Gibbs free energy 
          ∆G = ∆H − T∆S > 0                         (4.3) 
where, ∆G is the change in Gibbs free energy; ∆H is the change in enthalpy, T is is the 
temperature and ∆S is the change in entropy. 
Equation 4.4 describes ∆H: 
    ∆H = Usys + PV                                                         (4.4) 
Where Usys is the energy of the system, P is the pressure and V is the volume. 
If the change in energy for the system of the two particles approaching each other 
comes to zero then ∆H can reach zero. Taking this into account, it can be said from the 
equation 4.3 that two particles covered with stabilizer will repel each other. Hence, the 
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distance between the particles must be ≥2L [129] in order to prevent the aggregation of the 
particles. 
Based on the results of the previous tests, a surfactant AOT was chosen to study the 
effect of its concentration on particle size and shape. It was carried out by preparing solutions 
of AOT with different concentrations, ranking from 4 mM up to 0.01 M. The prepared 
solutions were used in Ag synthesis, while the other conditions were kept the same. 
Figure 4.8 shows nanoparticles tracking analysis (NTA) of Ag NPs prepared with various 
AOT concentrations (4 mM (a), 7 mM (b), 9 mM (c), and 0.01 M (d)). The results revealed 
that the size of Ag nanoparticles can be tuned by concentration of AOT. The average 
diameter of Ag nanoparticles from NTA was 80 ± 36 nm when concentration of AOT was 
4mN. Increasing the concentration of AOT up to 7mM, led to the average diameter of Ag 
nanoparticles of 70 ± 10 nm. When the concentration of AOT was further increased to 9 mM, 
the average diameter of Ag nanoparticles was 60 ± 12 nm. When the concentration of AOT 
was increased to 0.01 M, the average diameter of obtained Ag nanoparticles increased to 
110 ± 36 nm. 
Summarizing the experimental results, particle size decreased as the amount of 
surfactant was increased. This might be explained by the fact that the smaller droplets have 
more collisions and therefore need more surfactant to stabilize the particles. During particle 
nucleation, the better colloidal stabilizer in the initial stage of particle growth in batch will 
lead to smaller final size of particles [144]. 
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Figure 4.8 NTA analyses of Ag particles prepared with different AOT concentration 
 
However based on obtained results it might be said that a further increase in surfactant 
concentration will not necessarily lead to a dramatic reduction in particle size. More 
surfactant in a solution can also lead to the presence of free surfactant micelles. 
Figure 4.9 presents SEM pictures of Ag particles obtained from the 4 mM (a), 
7 mM (b), 9 mM (c), and 0.01 M (d). The morphology of all obtained particles was spherical. 
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Figure 4.9 SEM micrographs of Ag particles obtained at (a) 4mM, (b) 7mM , (c) 9mM, and 
(d) 0.01M AOT  
 
The average size of particles obtained with AOT at the SEM picture is smaller than 
those obtained with NTA analysis. This is due to stretching of the AOT molecules away from 
the Ag particles while suspended in a liquid solution. Since the NTA measurements are 
performed on the nanoparticle solution, the diameter of the particle will be measured as two 
times the thickness of the AOT layer plus the diameter of the actual particle. On the other 
hand, during SEM measurement, the particle is placed on a wafer and the solvent is removed, 
as a result AOT layer on the particle will collapse on its surface. This means that the diameter 
will decrease compared to that measured by NTA, however it is still bigger than the actual 
particle. 
a) 
c) d) 
b) 
 4.2.3 Effect of NaOH concentration
The role of NaOH on the size and morphology of final particles was studied by varying its 
concentration. At the end of the synthesis process NaOH was added. It has been found 
addition of NaOH increases the production yield
the morphology of the Ag particles.  
hydroxide solution is high (0.3 mol) the obtained morphology was the spherical nanoparticles
while no presence of NaOH 
concentration of sodium hydroxide resulted in various morphology and size of final 
(figure 4.11). The size and the morphology of the samples were investigated by SEM. Images 
in figure 4.10 shows spherical Ag nanoparticles (a
400 nm depends on the NaOH concentration. 
structures with average size of 250 nm
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, reduces the size of particles and improves 
Additionally, When the concentration of sodium
causes irregular shape of the particles (figure
-c) with the average size between 80 and 
Figure 4.10 (d) shows the disks shape silver 
.  
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Figure 4.10 Ag nanoparticles prepared with NaOH concentration of (a) 0.005 mol, (b) 0.125,  
(c) 0.025 mol and (d) without addition of NaOH 
 
Figure 4.11 Graph showing the size dependence on NaOH concentration of the samples 
shown in figure 4.10 
 
The XRD patterns of spherical Ag nanoparticles with size between 20-250 nm 
areshown in figure 4.12 All of the three characteristic peaks for silver (2θ = 38.2°, 44.4°, 
64.5°, 77.5° and 81.6°), corresponding to Miller indices (111), (200), (220), (311) and (222), 
are observed. The intensity of these peaks decreased as the size of the particles decreases. 
 
Figure 4.12 XRD pattern of silver particles prepared with 0.005 mol, 0.025 mol 
0.125 mol, and without addition of NaOH 
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4.3 Study of scCO2synthesis parameters on size and morphology of silver particles 
A scCO2 as a second method to be investigated for synthesis of Ag nanoparticles was 
prompted by the advantageous properties of supercritical fluids that bring the benefits of 
broad process application. ScCO2 combines properties of liquid such as high solubility and 
high density as well as those of gases, like low viscosity. More over is not-toxic, and easy to 
recover. Its dissolving properties can be widely varied by alteration of pressure and 
temperature.  
UV-Vis analysis 
To check the effect of various factors, such as time, pressure and temperature, on final 
product, UV-Vis spectrophotometer was used. In metal nanoparticles such as silver, the 
conduction and valence band areoverlapped so that the electrons can move freely. Due to the 
collective oscillation of electrons of silver nanoparticles in resonance with the light wave 
[147], the free electrons give rise to a surface plasmon resonance (SPR) absorption band 
[148-150]. The electric field of an approaching wave causes a polarization of the electrons 
with respect to much heavier ionic core of silver nanoparticles, resulting in that a net charge 
difference occur which in turn acts as a restoring force. This forms a dipolar oscillation of all 
the electrons in the same phase. A strong absorption takes place, when the frequency of the 
electromagnetic field becomes resonant with the coherent electron motion. This absorption 
strongly depends on the size of the particles, dielectric medium and chemical surroundings 
[151, 152]. The absorption peak (SPR) for silver obtained with scCO2 is in the visible range 
at 410 nm. 
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4.3.1. Effect of reaction time on particles growth 
The reduction of silver nitrate in ethylene glycol (carry out in a reaction vessel) might be 
written as follows:    
HO-CH2-CH2-OH      2 CH3CHO + 2 H2O                                             (4.5) 
2 CH3CHO + 2 Ag+        CH3CO-OCCH3 + 2 Ag + 2H+                                  (4.6) 
The mass transfer of scCO2 diffuses effectively into reaction solution to promote the 
synthesis of particles [145]. The high diffusivity of scCO2 reduces the viscosity of the 
ethylene glycol and penetrates the entire solution to promote the contact frequency of silver 
ions (Ag+) and electrons (e-) [146]. 
The reaction was carried out for 1 and 3 hours at various pressures and temperatures. 
Figure 4.13 shows the Uv-Vis spectrum of Ag particles synthesised at 200 bar and 80 ºC for 1 
hr. It can be noticed that shorter time of reaction resulted in a low absorbance value of 0.14, 
moreover after a three days the absorbance value for silver dispersion increased up to 0.21. 
That indicated that in the obtained sample some amount of AgNO3 was presented and its 
further reduction with ethanol took place. The same has been done for the other temperatures 
and pressures values and the results are shown in Table 4.1. Based on the results, it was 
decided to perform all reactions for 3 hours. To complete the reaction, either high 
temperature, or high pressure was required. 
 
Figure 4.13 UV-vis spectrum of Ag nanofluid made at conditions: 200 bar, 80 ˚C and 1hrs. 
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Table 4.1 The presence of AgNO3 in a receiving fluid from synthesis of silver particles at 
different pressure, temperature and time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.2. Effect of temperature on particles growth 
The particles synthesized by chemical reduction are consisted of two steps; the nucleation 
that forms new particles and growth of grain that increases the particles’ characteristic length. 
Faster nucleation relative to the grain growth produces a smaller particle size and this process 
is very sensitive to temperature [153]. Figure 4.14 shows UV-Vis absorption spectra of the 
synthesised Ag nanoparticles at 200 bars and 50, 60, and 80 ºC. The absorption peak of silver 
is obtained in the visible range at 410 nm. 
Pressure 
[bar ] 
Temperature 
[°C ] 
Time 
[hour] 
Presence of AgNO3 in a collected 
solution 
 
 
160 
50 1 Yes 
3 Yes 
60 1 Yes 
3 Yes 
80 1 Yes 
3 No 
 
180 
50 1 Yes 
3 Yes 
60 1 Yes 
3 Yes 
80 1 Yes 
3 No 
 
200 
 
50 1 Yes 
3 Yes 
60 1 Yes 
3 Yes 
80 1 Yes 
3 No 
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For the lower temperatures the peaks are broaden, owing to the smaller size of the 
particles. 
 
Figure 4.14 UV–Vis spectrum of Ag ink made at 200 bar and different temperatures, for 3 hrs 
 
Figure 4.15 presents SEM images of the as-synthesized Ag nanoparticles. It was 
found that they are spherical, and 30, 50, and 100 nm in diameter at 50, 60, and 80 °C 
respectively, carrying out the reaction at 200 bars. It may be that at higher temperatures the 
rate of particle growth increases and possibly leads to the formation of larger Ag particles. 
However, a lower reaction temperature resulted in a smaller value of absorbance, indicating 
that the energy is not big enough for ethylene glycol to transfer aldehydes into ketones, 
producing electrons to form Ag nanoparticles via the supercritical CO2 process. 
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Figure 4.15 SEM micrographs of Ag particles prepared at (a) 50 ºC, (b) 60 ºC, and (c) 80 ºC  
4.3.3. Effect of pressure on Ag particles growth 
The pressure variable is of the same importance as temperature and chemical composition for 
synthesis of nanoparticles.  
The energy barrier ∆G* forms a spherical nucleus described by [154, 155] 
                                                      ∗ = 16/ 3
                                     (4.7) 
whereγ is the interfacial energy, ∆µ is the difference in chemical potential, ρ is the number 
density and ∆Gv is the difference in Gibb's free energy per unit volume. The variation of the 
energy barrier with pressure can be formulated as 
       (ә∗
ә )T = (
∗

 ) (
ә

ә )T -(
 ∗
 	 ) (
ә	
ә )T                                    
(4.8) 
The pressure variation of interfacial energy is very small and can be ignored when compared 
with ∆Gv. With increasing the pressure, the energy barrier of nucleation step is lowered; as a 
a) b) 
c) 
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result, the nucleation rate is stepped-up. According to the phase transition theory, the lower 
ratio of growth rate to nucleation rate causes the decreased size of particles. Therefore, when 
the pressure increases, the particle size decreases. Figure 4.16 shows the UV-Vis absorption 
spectra of silver nanoparticles. 
 
Figure 4.16 UV-Vis spectrum of Ag ink made at 80 ˚C, 3hrs, at various pressures (160, 180, 
and 200 bars) 
The results show that, the intensity of absorption peak, at about 410 nm increases with 
the increase of pressure. That indicates that the higher yield can be obtained with a higher 
pressure. Figure 4.17 presents SEM images of the Ag nanoparticles synthesised at 80 ºC at 
160, 180, and 200 bars. The Ag nanoparticles are clearly small and have a uniform dispersion 
due to increased solubility of CO2 to ethylene glycol obtained by increasing pressure [156, 
157]. With increasing the pressure, density and mass transfer increased and hence efficiency 
of supercritical CO2 enhances the solubility of supercritical CO2 to ethylene glycol, which 
makes the reactive solution rapidly reach super-saturation. In the same time it can increases 
the nucleation rate to affect instantaneous formation of Ag nuclei. 
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Figure 4.17 SEM micrographs of Ag particles prepared at 80 ºC and (a) 160, (b) 80, and                  
(c) 200 bar, for 3 hrs 
Figure 4.18 presents the SEM picture of Ag nanoparticles obtained at a ratio of PVP (MW 
10,000)/AgNO3 = 1 in the presence of ethylene glycol using a supercritical CO2-assisted 
process at 180 °C and 200 bar for 3 hrs. Those were the best conditions optimized for 
synthesis of Ag particles in scCO2.  
 
Figure 4.18 SEM micrograph of silver particles prepared in scCO2 at 200bar and 80 °C for 3 
hrs 
b) a) 
c) 
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4.4 Summary 
An objective of this part of study was to develop a method that would allow the creation of 
large numbers of particles easily separable from the solution and capable to contribute to the 
formation of stable ink.  
The wet chemistry method was developed and various reaction conditions were 
analysed. The morphology and dimensions of the product were found to strongly depend on 
reaction conditions such as type of capping agent, concentration of AgNO3, AOT and NaOH. 
The initial concentration of AgNO3 had to be lower than ∼0.3 M; otherwise the final product 
reaches the size of 700 nm with irregular shapes. Using AOT as a stabilizer the size of 
obtained particles was 20 nm, they were much easier separated from the solution compared to 
using PVP. The molar ratio between AOT and AgNO3 was set as 2:1 resulting in the smallest 
size of particles, changing it to 1:2 or 1:0.5 the particles size increased. Hence, the particle 
size decreased as the amount of surfactant was increased. However based on obtained results 
it might be said that a further increase in surfactant concentration will not necessarily lead to 
a dramatic reduction in particle size as more surfactant in a solution can lead to the presence 
of free surfactant micelles. Addition of NaOH was required to obtain the spherical and small 
particles in high yield.  
Another chosen method for Ag particles synthesis was scCO2. It is a very 
environmental friendly approach as the organic solvents are replaced by supercritical fluids 
with low toxicity.  
The influence of scCO2 pressure and temperature on silver size was investigated. The 
size of obtained particles decreased with increased scCO2 pressure and its temperature. 200 
bars and 80 ºC was the conditions under which the smallest size of particles was obtained. 
The time of reaction was investigated as well, showing that with longer time processing, the 
higher yield was possible to obtain. However there was still, compared to wet chemistry 
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method, not enough powder for further processing. Additionally, the wet chemistry method 
offers better stabilization of nanoparticles from agglomeration, easier extraction of 
nanoparticles from solvent, simpler control processing and enables a mass production. 
For these reasons the wet chemistry method was chosen to make Ag particles for 
formulating the silver inks. The characterisation and application of these particles will be 
described in the next chapters. 
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Chapter 5 
Development of high loading silver ink  
5.1 Introduction 
The preparation of metal inks requires the use of metal particles that have extremely small 
size to avoid the clogging of printer head. A significant decrease in particle size increases the 
difficulty to produce highly concentrated stable dispersions due to the stronger agglomeration 
and extremely high surface energy, and therefore it requires the development of new 
dispersion procedures, including selection of appropriate dispersants and tools to obtain  
long-term dispersion stability. 
Once the stable dispersion of nanoparticles is obtained, the ink formulation must be 
adjusted according to the given specification regarding the dimension of the patterns as well 
as a required resolution. Additionally the rheological behaviour must be adapted to reach the 
process requirements. 
The conductivity of printed tracks increases with the thickness of the tracks. In order 
to achieve thick conductive tracks with few printed layers, high solid content has to be loaded 
in the ink. The more concentrated the ink is, the thicker film is possible to obtain with better 
conductive properties, which would save time and reduce the costs of the process, otherwise 
more layers are required to lay down on the substrate by repetitive printing procedure. Plus 
higher content of solid in ink also increases the resolution of printed features since less liquid 
is deposited with one drop of ink.  
This chapter focuses on the development and characterisation of high loading and 
stable Ag inks. 
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5.1.1 Objectives 
The objectives of this portion of the study were: 
1. To formulate and optimise silver inks suitable for ink jet printing application 
2. To identify the optimum dispersant for the Ag inks 
3. To evaluate the performances of obtained inks including study the rheology, surface 
energy, stability and electrical properties of the Ag inks 
4. To reduce the number of layers in the silver nanoparticles film processing by 
increasing the thickness of a single layer with the goal of obtaining a dense 1 µm thick 
and conductive film (as close as possible to the bulk value, 1.58 µΩ cm). 
5.2 Ag inks formulation 
The inks for inkjet printing were prepared with different silver particles. They were 
synthesised by the wet chemistry method described in section 3.1.2, but treated with different 
solvents, either 2-propanol (IPA) or acetone after the synthesis. It has been found that the 
subsequent aggregates of Ag particles have various sizes and the inks prepared using these 
particles behave differently (figure 5.1). It has been observed that acetone-treated Ag NPs 
could be better dispersed in aqueous-based solvent, probably due to the formation of a more 
hydrophilic surface. Figure 5.1 (a) shows nanoparticles tracking analysis (NTA) of Ag NPs 
treated with two solvents. NTA is an innovative system for sizing particles from about 30 to 
1000 nm, with the lower detection limit being dependent on the refractive index of the 
nanoparticles. This technique combines laser light scattering microscopy (DLS) with a 
charge-coupled device (CCD) camera, which enables the visualization and recording of 
nanoparticles in solution. The NTA software is then able to identify and track individual 
nanoparticles moving under Brownian motion and relates the movement to a particle size 
according to the well-known Stokes-Einstein equation. 
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The results show that the average size distribution of particle agglomerates treated with 
acetone is 80 nm and more uniform compared to those treated with IPA. 
 
 
 
Figure 5.1 (a) nanoparticles tracking analysis (NTA) of Ag NPs treated with two solvents, 
and (b) zeta potential measurement of dispersed Ag nanoparticles in water 
 
 From the obtained results, the agglomeration state was also determined by the colour 
of the dispersed nanoparticles in solution. When the diameters of the nanoparticles increased, 
the maximum absorbance wavelength shifted towards the red which is visually observed in 
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colour of the dispersion. It can be seen in the inset of figure 5.1 (a) that a dilute solution of 
Ag NPs treated with acetone presents a yellow-brown colour while the solution with the 
particles treated with IPA shows a grey colour indicating the presence of bigger 
agglomerates.  
Different behaviour of particles in aqueous medium indicated that their surface charge 
density vary from each other. To assure the well dispersed and electrostaticly stable 
dispersion of particles, the strong repulsive forces have to be generated on their surfaces. In 
order to compare the surface charge of the particles treated with acetone and IPA, the zeta 
potentials of two silver aqueous suspensions at different pH values were measured and they 
are presented in figure 5.1 (b). For both silver dispersions, the zeta potential is at the 
minimum when pH is between 2 and 3, indicating that the force of electrostatic repulsion 
between particles is weaker than it is at other pH values, and precipitation occurs. When pH 
is in the range of 3 to 8, the electrostatic repulsion force between particles increases and 
becomes sufficient to prevent particles from coagulating and settling. At pH ~ 8, the zeta 
potential shows the highest value which indicates that the electrostatic repulsion force 
between particles are the strongest so the dispersion stability of Ag nanoparticles at this pH is 
the best. Particles treated with acetone reached a value of zeta potential of -70 mV. 
 Figure 5.2 (a) and (b) show the SEM and XRD of synthesized Ag NPs treated with 
acetone. Ag NPs are well crystallized evidenced by XRD and some agglomerates can be 
observed in the SEM image, but compared with the particles treated with 2-propanol, 
(described in section 4.2.2.1) the sizes of these agglomerates are much smaller. 
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Figure 5.2 (a) SEM micrographs and (b) XRD pattern of Ag particles treated with acetone 
 
The average size of the obtained particles at the SEM pictures is around 20-30 nm. 
This is smaller than obtained with NTA analysis (80nm). This is due to stretching of the AOT 
molecules away from the Ag particles while suspended in a liquid solution. Since the NTA 
measurements are performed on the nanoparticle solution, the diameter of the particle will be 
measured as two times the thickness of the AOT layer plus the diameter of the actual particle. 
On the other hand, during SEM and TEM measurement, the particle is placed on a wafer and 
the solvent is removed, as a result AOT layer on the particle will collapse on its surface. This 
means that the diameter will decrease compared to that measured by NTA, however it is still 
bigger than the actual particle size. 
The possible maximum loading of the particles treated with IPA was 5 wt% using 
combination of F127 and HIFU technique. While using Ag particles treated with acetone it 
was possible to obtain 45 wt% Ag dispersion. Table 5.1 presents the formulation of Ag inks. 
 
 
 
 
 
 
a) b) 
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Table 5.1 Ag inks formula 
 
 
 
 
 
 
 
 
Two inks will be separately described below in terms of their properties, printability 
and post annealing characterisation. 
5.3 Physicochemical properties of silver nanofluid, and the effect of F127 and HIFU on 
its properties – AG1 formula 
5.3.1 Rheologiccal behaviour of silver nanofluid 
The important characteristic of inks for inkjet printing is their rheological behaviour. During 
inkjet printing, the high shear is applied to the nozzle; hence it is important to observe the 
rheological property of the ink to get an idea about behaviour of the ink during printing. 
On rheological parameters, such as viscosity and yield stress, a solid content has an 
influence. Figure 5.3 presents the change in viscosity of the aqueous Ag suspensions against 
shear rate. The suspensions contain Ag particles with different solid concentrations (1, 3, and 
5 wt %). It can be seen, as expected, that the viscosity rises with increasing silver content in a 
fluid. The viscosity value for 1wt% of silver in ink is 1.6 mPa s and it increases up to 2.1 mPa 
s when silver loading increases to 5 wt%. That is due to the increase of the interaction 
between silver particles when solid content increases. The rheological behaviour of the 
Ink  Solvent 
 
Powder  Dispersant  
Name                          wt% Name wt% Name wt% 
A1 Water 92.9 Ag/IPA 5 F127 2.1 
 
A2 Water 52.9 Ag/Acetone 45 F127 2.1 
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suspension containing nanoparticles depends mainly on the interaction between the 
nanoparticles. When two suspended particles approach each other, the double layer on each 
particle overlaps and repulsive forces on each other are generated. These repulsive forces are 
partly influenced by an attractive force due to the van der Waals interaction between the 
approaching particles, as well as on the medium they are dispersed [66]. 
 
Figure 5.3 Rheological behaviour of ink with different silver contents. The ratio of Ag: F127 
is fixed at 1:0.6 by weight 
 
The yield stress is the minimum stress value needed to be applied before the fluid 
flows. Yield stress values (τ0) were calculated by Bingham (equation (5.1)) and Casson 
(equation (5.2)) models [158], 
 τ = τ0 + η                           (5.1) 
 
√ =  √0  +  +                           (5.2) 
 
where τ is the shear stress (Pa), τ0 the yield stress (Pa), η the viscosity (Pa s)when the shear 
rate, γ (s-1), reaches an infinite value.  
The above Bingham model only studies the linear part of the curve of shear stress as a 
function of shear rate, while the Casson model studies the entire curve. The correlation factor 
(R2) for the two models was always close to 1, indicating that both models approximate the 
viscosity curves. Table 5.2 shows the yield stress values and correlation coefficient for Ag 
fluid with various solid concentrations. 
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Table 5.2 Parameters and correlation coefficient for Ag inks 
Sample Ag 
concentration  
Bingham model Casson model 
No (wt%) τ0 (Pa) R2 τ0 (Pa) R2 
1 1 0.25±0.001 0.996 0.08±0.01 0.998 
2 3 0.41±0.0008 0.992 0.12±0.02 0.997 
3 5 0.63±0.001 0.995 0.21±0.01 0.998 
 
When silver content increases from 1% to 5%, yield stress increases from 0.25 to 0.63 
Pa for a Bingham model and from 0.08 to 0.21 Pa for Casson model.  
Based on obtained results, one can say that the fluid displays a Bingham plastic 
behavior. In this model, fluid has linear shear stress which requires a finite yield stress before 
fluid flows. After this point the flow rate increases steadily with increasing shear stress  
(figure 5.3). The physical reason for this behaviour is that the liquid contains particles which 
interact, creating a denser structure and a certain amount of stress is required to break this 
structure. Once the structure has been broken, the particles move with the liquid under 
viscous forces [158].  
5.3.1.1 Dispersant amount optimization 
It is important to determine the optimal amount of dispersant in a particle suspension 
as an insufficient amount of dispersant would result in the flocculation of some particles 
while excessive amount of dispersant would increase the viscosity, and either of these is 
causing destabilisation of the suspension.  
 The well-known method for dispersant amount optimisation is the measurement of 
viscosity. When the particles agglomerates trap some liquid the suspension behaves like it has 
apparent higher solid content. Hence it is possible to use the viscosity measurement to 
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determinate the best amount of dispersant to be added to a suspension. With the increasing 
concentration of dispersant the viscosity of the dispersion usually decreases up to certain 
concentration followed by increasing viscosity above that concentration. 
Plotting the viscosity versus amount of added dispersant results in the curve where the 
minimum of the viscosity value corresponds to the optimum amount of dispersant. This point 
indicates that the particles are covered with a layer of dispersant which enables stabilisation 
of particles in liquid media.  
Figure 5.4 shows the influence of dispersant concentration on the particle size of  
1 wt% Ag aqueous suspension, at different HIFU times.  
 
 
Figure 5.4 Effect of different amounts of copolymer added to1 wt% of Ag suspension on the 
particles size at different HIFU treatment times 
 It can be seen that the average particle size is reduced with the increase of dispersant 
(F127) amount and reaches the minimum at the concentration of 0.6 wt% at any given HIFU 
time. However, at a given dispersant concentration the average silver particle size firstly 
decreases with the time of HIFU treatment up to 60 min, and then increases to larger value at 
HIFU treatment for 90 min. The minimum particle size was obtained in a silver suspension 
with 0.6 wt% F127 after 60 min HIFU treatment. Increasing the time of HIFU treatment leads 
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to finer particles and thus increases the surface area, which needs more dispersant to cover 
the fresh surface. The amount of dispersant at tested F127 wt% may not be enough therefore 
leading to the reagglomeration. It is known that the adhesive forces of nano particles increase 
rapidly and become the dominant factor. 
Figure 5.5 shows the change of viscosity against the concentration of dispersant at  
1 wt% Ag concentration suspension. The HIFU treatment time was varied from 10 to 90 min 
for each sample. As can be seen, the viscosity values at any given HIFU treatment time 
decrease gradually with increasing concentration of dispersant and reach a minimum at the 
concentration of 0.6 wt%. Further addition of dispersant raises the viscosity of the 
suspension. This specific amount of copolymer is related to the size and the surface area of 
the particle to be covered: smaller particle size means higher surface area and hence higher 
amount of dispersant is needed.  
 
Figure 5.5 Effect of copolymer concentration on the viscosity of 1% Ag aqueous suspension 
at different HIFU treatment times 
 
These results shown in Figures 5.4 and 5.5 indicate that the amount of F127 required for 
monolayer coverage and the amount required for reaching the minimum viscosity correlate 
very well. 
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5.3.1.2 Investigation of dispersing method  
Particle size reduction and their dispersion can be achieved with various techniques, 
such as ball milling or ultrasaounds methods. In present work, for the first time, HIFU 
technique has been investigated as a potential method for preparing particle dispersion. As a 
top-down technique, and in comparison with conventional ultrasonic agitation and ball 
milling methods, HIFU introduces several novel aspects [56]: (1) The high amplitudes (up to 
108 Pa) and frequency (~106 Hz) mean that as a beam propagates, it deforms, and can develop 
a "shock" wave front, i.e. the non-linear propagation effects; (2) Since the frequency of 
ultrasound is increased from ~104 Hz to ~106 Hz, the threshold value of strong micro scale 
transient cavitations are significantly increased. Therefore, the immense temperatures and 
pressures and the extraordinary heating and cooling rates generated by cavitations bubble 
collapse could be alleviated. There’s no distinct temperature increase at all [56]; (3) It avoids 
the possible contamination to the fluid due to bead breakage during ball milling and the 
prolonged ball milling process. 
Figure 5.6 illustrates the change of average particle size against HIFU treatment time 
for different Ag contents at a given dispersant concentration. With the increase of the HIFU 
treatment time up to 60 min, the particle size decreases in each sample. When the dispersion 
has low content of Ag particles the effect of HIFU treatment is better resulting in the smaller 
size of the particles. Although the minimum size is possible to obtain in the suspension with 5 
wt% Ag (60 min HIFU treatment), the increase of silver content up to 10 wt% in a suspension 
slows down the disaggregation process.  
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Figure 5.6 Particle size as a function of HIFU treatment time at different solid loading 
5.3.1.3 Stability 
 
The nanopartricles dispersion should be stable to aggreagtion and precipitaion in 
order to prevent nozzle clogging and to obtain ink with reproducible performance. The ink 
should be stable at least during the process of printing (8 hrs), and in the best case, for  
printed electronics applications, it is good to store the ink for several months because silver is 
expensive.  
To evaluate the stability of nanofluids treated by HIFU with the presence of F127 
copolymer, the viscosity of nanofluids, containing 5 wt% Ag nanoparticles, 0.6 wt% 
dispersant and treated by HIFU for 60 min, was measured against the time over 20 days 
(figure 5.7). It was found that there was almost no viscosity change up to 10 days and after 
this time, viscosity linearly but slowly increased with the time. The increase of viscosity from 
2.1 mPa s in Day 1 to 2.3 mPa s in Day 20 was due to the agglomeration and the formation of 
larger particle clusters. However, no sedimentation was observed up to 20 days.  
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Figure 5.7 Viscosity change of nanofluid treated by HIFU in the presence of F127 against 
time  
 
The formed large particle clusters due to the agglomeration could be broken and re-
dispersed in the water if HIFU treatment is re-used and the rhoelogical properties of the 
dispersion can resume to the inital values, extending the shelf life of the ink up to 1 month. 
5.3.2 Surface tension measurement  
The surface tension plays an important role in any drop creation including inkjet printing. 
The ink suited for inkjet printing should have appropriate surface tension (25-50 mN/m) in 
order to facilitate drop formation.   
The stalagmometric method has been explained in Section 3.3.2.2. In this project it 
was used for surface tension measurements of silver nanofluid. The first set of measurements 
was performed to check and calibrate our pendant dropset-up. Tests on Ag nanofluid were 
performed with different loading of (1, 3 and 5 wt %) Ag nanoparticles. The results of these 
tests are presented in table 5.3. For each test ten consecutive drops were measured. 
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Table 5.3 Surface tension results for water and Ag fluid using stalagmometric method 
 
 
 
 
 
 
 
 
The measured values indicate that our stalagmometric method set-up and calculation 
is quite accurate and precise because the measured surface tension values for water were 
close enough to the literature values and the standard deviation is low. The presence of 
nanoparticles in the Ag fluid slightly changed the surface tension of the ink. The surface 
tension rises with decreasing silver content in a fluid. The surface tension value for 5 wt% of 
silver in ink is around 30 mPa s and it increases up to 30.8 mPa s when silver loading 
decreases to 1 wt%.This is attributed to the increase of water content in the ink formula. 
5.3.3 Film characterisation 
5.3.3.1 Conductivity measurement 
The main requirement for printed materials, besides processability in liquid form and 
physicochemical properties, is their electronic functionality. The conductivity of the printed 
features, in the best case, should be as close as possible to the bulk value of a given metal.  
In order to check the conductive properties of the Ag inks, printed films were prepared and 
tested using four points probes technique. 
The prepared Ag ink has low viscosity (~2 mPa s) and desirable surface energy, 30 mN/m, 
that is lower than the surface energy of substrates (54 mN/m for Al2O3), hence it ensures 
Fluid Ag content 
(wt%) 
Surface tension 
(mN/m) 
water 0 71.8±0.2 
Ag ink 1% 30.8±0.3 
Ag ink 3% 30.5±0.3 
Ag ink 5% 30±0.2 
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good wetting of the substrates by the ink; also this surface energy of the ink is lower than the 
inkjet printer requirement for surface energy (max. 60 mN/m) in order to jet droplets.   
Figure 5.8 shows optical microscope pictures of inkjet printed ink on the alumina 
substrate. The printed line has a good geometry. However, in order to achieve conductive 
film, number of layers had to be printed due to the low content of Ag in the ink. After 
printing, the sample was sintered at 350 ºC. Direct physical contact between the particles 
occurred after the organic reagents were burnt off, and conductivity measurement was 
possible to undertake. 
 
Figure 5.8 Printed Ag lines on alumina substrate 
 
In this target single lines consisted of 60 layers with a length of 5 mm of the inks were 
inkjet printed onto alumina substrate and subsequently sintered at 350 °C for 60 min on a hot 
plate. The resistance was measured using four points probe technique. The electrical 
resistivity ρ of an inkjet printed line was calculated from resistance R, length l, and cross 
sectional area A of the line, using equation (5.3): 
               ρ = R⋅ A / l                                      (5.3) 
The cross section area was determined by numerical integration of a measured profile 
(Dektak instrument, optical microscope, SEM). The obtained value was subsequently 
compared to the value of bulk silver (1.59 × 10-6 Ω cm) [159]. 
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As Ag loading, 5 wt%, in the ink is low, the multilayer printing approach helps build up 
dense and conductive films. The film consisted of 60 layers showed a reasonably low 
resistivity.  
Figure 5.9 shows the SEM pictures of printed Ag layers on Al2O3. The film in  
figure 10 (a) consisted of 60 layers and was sintered together at 350 °C for 60 min. The film 
in figure 10 (b) also consisted of 60 layers, but sintered at 350 ºC for 20 min after the 
deposition of each 20 layers. The resistivity of the film with layers sintered together showed a 
value of (4 ± 0.1) * 10-5 Ω cm, while the film sintered after the deposition of each 20 layers 
showed a (2 ± 0.1) * 10-5 Ω cm. As can be seen in figure 5.10, the sintering between printed 
layers improves final structure of the film in terms of its density which is directly linked to 
the better conductivity. The difference between grain structures might be due to easier 
evaporation of solvent that takes place while printing in steps. Printing high number of layers 
on top of each other results in a trapping of the water and surfactant molecules in a formed 
structure which eventually generates pores, hence reduces the density of the film, and thus 
lowers the conductivity of printed features. 
 
Figure 5.9 SEM micrographs showing (a) cross-section of printed silver on Al2O3.Ag film 
consisted of 60 layers fired at 350 °C for 60 min and (b) film consisted of 60 layers fired at 
350 ºC for 20 min in 20 layers steps 
 
(
(b) Ag Ag (a) 
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5.4 Development of long- term stability of high loading silver ink - AG2 formula 
To achieve a conductive track with 5 wt% Ag ink, 60 layers were required to be print. In 
order to reduce the number of layers in the silver nanoparticles film by increasing the 
thickness of a single layer with the goal of obtaining a dense and conductive film, high 
loading of Ag in an ink was used. Ag nanoparticles with acetone enabled us to formulate 
highly concentrated and stable dispersion of silver in aqueous media due to high surface 
charge density of the particles, which generates strong repulsive force and small size of the 
agglomerates. Through adjusting pH it was possible to obtain 25 wt% Ag loading dispersion. 
Further increasing the silver content weakens the stability of the fluid due to the decrease in 
the electrophoretic mobility of the particles [160]. To load more Ag NPs in an ink and form a 
stable dispersion, copolymer F127 was used. Figure 5.10 shows TEM pictures of silver 
particles dispersed in water with and without copolymer F127.  
 
 
Figure 5.10 TEM micrographs of silver particles dispersed in water, (a) without and (b) with 
addition of F127 
 
(a) (b) 
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After the addition of the co-polymer F127 the particles reach the size of 10 nm. This 
shows that the dispersant acts not only as a stabilizer but also as a comminution aid, which 
promotes the breakage of the hard agglomerates [161]. 
The primary nanoparticles strongly attract each other through physical forces due to 
large surface area, immediately forming larger particles. Upon ultrasound treating, the 
agglomerates were separated and due to the presence of F127, the small particles were 
prevented from being agglomerated again. It was the surface modification that delayed the 
agglomeration or clustering. Resulted size of the dispersed particles was around 10 nm. As a 
result, a high Ag loading ink containing 45 wt % Ag could be produced. 
5.4.1 Rheological behaviour and surface tension measurement 
Rheology studies have been performed on silver ink (AG2). The influence of silver particles 
on viscosity was examined. Figure 5.11 presents the rheological behaviour of a silver ink and 
Table 5.4 shows the ink’s properties in dependence on Ag solid loading.
 
Figure 5.11 Rheological behaviour of silver ink (AG2) 
 
 As it can be shown, the ink exhibited Newtonian behaviour with a shear rate between 
101- 103 s-1 which can be indication of well-dispersed suspension. In practice, if particle 
aggregation occurs, the inks shows shear-thinning behaviour, which is defined by a gradual 
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decrease in apparent viscosity with increasing shear rate [158]. As a result of increasing the 
shear rate the possible aggregates are broken down and consequently reduction in amount of 
solvent immobilized by the particles takes place, lowering the viscosity of the fluid in the 
same time [64]. 
Table 5.4 presents the change in viscosity and surface tension of the aqueous Ag 
suspensions with different solid contents (25, 35, 45 wt %). It can be seen, as expected, that 
the viscosity rises with increasing silver content in a fluid. The viscosity value for 25 wt% of 
silver in ink is 2.4 mPa s and it increases up to 3.3 mPa s when silver loading increases to  
45 wt%. That is due to the increase of the interaction between silver particles when solid 
content increases. The surface tension slightly changed with the addition of Ag particles. At 
25 wt% if silver content, surface tension for Ag fluid was 32.9 mN/m. Increasing the loading 
up to 35 wt% resulted in lower surface tension of 33.6 mN/m. Further increasing the content 
of silver in the ink lower the surface tension down to 33.6 mN/m. This is attributed to the 
decrease of solvent content, and especially water, with the increase of silver content.  
Table 5.4 Properties of silver inks with different Ag loadings 
 
 
 
 
 
 
 
5.4.2 Stability studies 
To evaluate the stability of Ag nanofluids, the viscosity measurement was taken against the 
time over 20 days (figure 5.12). It was found that there was almost no viscosity change up to 
10 days and after  this time, viscosity slowly increased with the time. The increase of 
Ag wt% Viscosity (mPa s) Surface tension (mN/m)   
45 3.3±0.5 33.6±0.5 
35 2.7±0.5 33.8±0.3 
25 2.4±0.4 32.9±0.5 
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viscosity from 3.3 mPa s in Day 1 to 3.5 mPa s in Day 20 was due to the agglomeration and 
the formation of larger particle clusters. Once agglomerates are formed, a larger stress is 
necessary to break the polymer structure among particles when shearing takes place; 
therefore, a high relative viscosity would be observed in the fluids as shown in figure 5.12. 
However, no sedimentation was observed up to 20 days. The formed large particle clusters 
due to the agglomeration could be broken and re-dispersed in the water under the ultrasonic 
tratment and the rhoelogical properties of the dispersion can resume to the inital values. 
 
Figure 5.12 Viscosity change of Ag nanofluid against time 
 When we compare the stability of the AG1 and AG2 inks it can be noticed that in 
both cases the inks behave similar, there is no change in viscosity values in the same time 
range. Value of 2.1 mPa s and 3.3 mPa s for AG1 and AG2 respectively remains stable over 
first 10 days.   
The silver particles in both inks can be easily re-dispersed using ultrasounds and the 
rhoelogical properties of the dispersionscan resume to the inital values and extend the shelf 
life of the ink up to 1 month. 
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5.4.3 Printability of silver ink  
Once the stable and high concentrated dispersion of nanoparticles is obtained, the ink 
formulation must be adjusted to meet the given specification regarding the dimension of the 
patterns as well as the required resolution. Since the morphology of the printed lines depends 
on the interactions between the ink and the substrate, it is important to examine and optimise 
the printing parameters to achieve desired printed feature. Firstly, it is necessary to examine 
whether the prepared ink meets inkjet printing requirements. In a piezoelectric inkjet printing 
process, the generation of drops is based on pressure wave that is electrochemically induced. 
When a voltage is applied, the piezoelectric material changes shape, which generates a 
pressure wave in the fluid forcing a droplet of ink to be ejected from the nozzle. That happens 
only when the kinetic energy of the ink is sufficient to overcome the surface energy 
interactions.  
There are three dimensional numbers, namely, the Reynolds (Re), the Weber (We) and 
the Z numbers (Z), which have been described in section 2.3.4. The ink properties have to be 
controlled within determined ranges. For example, with Dimatix DMP-283 a droplet can be 
ejected if Z is in the range 1-10.  The viscosity values for the fluids possible to jet have to be 
in a range of 0.002-0.03 Pa s, and the surface tension can go up to 0.06 N m. The ink 
characteristics and the calculated dimensionless numbers are summed up in table 5.5. The 
optimized silver ink in the present work fulfils the conditions necessary to achieve a stable 
and right process with the inkjet printer used in this study (DImatix DMP 2831). 
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Table 5.5 Calculation of We, Re and Z dimensionless numbers for the silver ink from ink 
properties and printer 
 
Ink 
 
Surface 
tension 
σ[N m−1] 
Viscosity 
η[Pa s] 
Density 
ρ[kg/m3] 
Voltage
V [V] 
 
Nozzle 
diameter 
d [µm] 
Velocity
v[m s−1] 
We Re Z 
Ag ink 
60% 
33.6x10-3 3.3 x 10-3 995.8 32 21.5 14 89.2 76 8 
 
5.4.4 Characterization of printed features 
5.4.4.1 Conductivity measurement 
This part of work focuses on the investigation of the minimum curing temperatures of silver 
ink. The minimum curing temperature is defined in this case as the temperature at which the 
sample becomes conductive, i.e. having a resistance lower than 40 MΩ which is the upper 
measuring limit of the used multi-meter. 
Single lines consisted of various number of layers (1-5) with a length of 5 mm of the 
inks were inkjet printed onto alumina substrates and subsequently sintered to 450 °C on the 
hot plate. Differences in resistivity values between the various numbers of printed lines can 
be determined. Table 5.6 shows the thickness and resistivity value of the samples with 
different number of printed lines at different temperatures.  
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Table 5.6 Properties of printed film at different sintering temperature 
 
It is observed that the thickness increases with the number of layers. 1µm thick layer 
was obtained with 1 layer of Ag ink, while increasing the number of layers up to 5, resulted 
in 4.6 µm thick film. The resistance of the lines for silver ink decreases with the increase of 
temperature and for thicker layer starts with the lower values. 
The minimum sintering temperature for the silver ink was 250 °C. It was expected that 
the smaller particles would sinter at the lower temperature because of their higher sintering 
activity [71, 72]. This suggests that the organic additives in the ink strongly affect the critical 
curing temperature and for that reason the TGA analysis was performed. 
It might be seen from the figure 5.13 the lowest temperature at which printed features 
become conductive is mainly determined by the outlet of evaporation of organic additives in 
the ink. The decomposition temperature (at which the sample has the highest weight loss) 
was observed to be around 250 ºC. The weight loss is due to the removal of organic 
molecules through the decomposition process. 
 
 Resistivity ( µΩ cm) 
No of layers Thickness 
(µm) 
Temperature (°C) 
250 300 350 450 
1 1 7.2±0.72 4.5±0.43 3.1±0.31 3.1±0.32 
3 2.8 6.7±0.67 4.5±0.45 3.1±0.42 3.1±0.46 
5 4.6 6.1±0.61 4.5±0.49 3.1±0.52 3.1±0.56 
 Figure 5.13 Resistance over a single inkjet printed line as function of temperature and 
thermogravimetric analysis (TGA) of silver nanoparticles.
The theoretical decomposition reaction for dioctyl sodium sulfosuccinate is as follows:
C20H37NaO7S (s)         74CO(s) + 34CO
The expected mass loss should be equivalent to 9.1% of the total mass, the analysis resulted 
in an actual mass loss of ~ 8.0 % overal
theoretical calculated percentage loss. 
The minimum temperature needed for the printed ink to become a conductive dense 
film was at 250 °C. The completion of the sintering process was at 350 °C at which the 
resistivity (3µΩ cm) was shown to be only twice higher than bulk Ag. 
resistance depends on the temperature range in which the last part of the organics is burnt off.
The loss of mass does not immediately cause the lines conductive through particles 
connection. Combining the results of TGA analysis and resistivity measurement it can be 
observed that half of the organic part is required to be removed to ensure the film to be 
conductive. All organics have to be removed from the film before it reaches the low
resistivity. Typical results were observed for 3 and 5 layers of the Ag ink.
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  Figure 5.14 presents the SEM cross
well packed particles.  
 
 
Figure 5.14 SEM micrographs
Al2O3 and sintered at 350 °C 
 
Low resistivity of printed tracks could also be obtained by dipping the printed tracks 
in acetone for 2 hours to dissolve surfactant (AOT) and then in water for 1 hour to dissolve 
copolymer (F127). Then the printed tracks were dried at room temperature for 60 min and the 
resistivity of the printed tracks reaches 
min and the resistivity of the printed tracks can be as low as 
µΩ cm).  
5.5 Increase of single layer thickness
The aim of this part of work was to formulate
advantage of reducing the number of printed layers
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of the printed features) required to obtain thick, dense and conductive film and also reduce 
the costs of the printing process. 
The calculation (5.5-5.8) assumes that an ink droplet forms a spherical cap on the 
surface (a good assumption from our surface tension studies) with spherical radium R, cap 
radium r and contact angle (θ) (figure 5.15). It was then assumed that the dot remains at this 
diameter upon drying and sintering to give a uniform thickness i.e. no coffee stain 
effect.           
Volume of the cap 
    =  
(#$%&!'()#$%&!'()
                                                (5.5) 
Ignoring the added co-polymer and surfactant, and assuming that volumes are additive,  the 
drop volume is also given by 
                                        = / +  +,/+,                                                                    (5.6) 
where M and ρ are mass and density respectively. Also denoting mass loading as L
                            =   
-
-) -                                                                                             (5.7) 
Substituting in (5.5) and re-arranging 
                                        =  ./) (./)// =  	
                                               (5.8) 
where t is thickness of the film. 
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Figure 5.15 Schematic graph representing droplet on the surface 
 
Based on the equation (5.10), thickness of a printed layer can be calculated if its mass is 
known, but this is only valid for the line printed with the dot spacing leading to the line 
consisted of dots just touching each other. In practice the dot spacing is reduced to increase 
the thickness of the printed lines. The results of experimental (for printed line with a given 
dot spacing, 20 µm) and calculated (for the line with the drops just touching each other) 
thicknesses are shown in figure 5.16. The calculated values give just the idea about thickness 
of the line thickness and prove that the thickness depends on the loading of the ink. 
 
 
 
R 
r 
θ 
surface 
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Figure 5.16 Thickness per layer for different loading of silver in an ink theoretical (blue line) 
and experimental (red squares) printed using 60 µm dot spacing 
 
5.6 Conclusion 
Ag inks with different solid loading were formulated. The treatment of synthesised Ag 
particles with solvent leads to the particle aggregation with various sizes and behaviour. The 
results showed how important the primary particles are in ink preparation. Treatment of Ag 
particles with IPA resulted in the formulation of 5 wt% ink when a combination of copolymer 
F127 and HIFU technique was employed. The investigation of HIFU treatment showed that 
the size of Ag agglomerates was reduced down to ~50 nm from ~ 200 nm untreated. The 
viscosity of the nanofluid was reduced after sonication indicating that the HIFU treatment 
could help separating the agglomerates and relatively stable inks indicated the high efficiency 
of the copolymer in stabilizing Ag nanoparticles in water.  
Following encouraging results from our 5 wt% Ag ink, an Ag ink with higher Ag 
content (45 wt%) was formulated by treating the synthesised particles with acetone. The size 
of aggregates decreased down to 50 nm, and further use of copolymer resulted in 10 nm 
highly hydrophilic particles. This shows the properties of dispersant not only as a stabilizer 
but also as a comminution aid, which promotes the breakage of the hard agglomerates [161]. 
Copolymer F127 was found to be very effective as a stabilizer leading to the formation of 
high silver loading.  
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Both inks were printed on alumina substrates and the subsequent films show a very 
low resistivity and good shape definition. The resistivity of the printed Ag lines decreases as 
sintering temperature increases. The resistivity is (2 ± 0.1) * 10-5 Ω cm for AG1 ink and 3.1 ± 
0.2 µΩ cm for AG2 after annealing at 350°C.  
Additionally, the processing of thick films was investigated. It was found that the 
higher loading of metal content the thicker layer can be obtained. The use of high solid 
loading inks reduces the number of printed layers required for thick, dense and conductive 
film and thus increasing the resolution of the film, as well as leading to the reduction of the 
costs, and high efficiency of the printing process. 
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Chapter 6 
Improvement of physical properties of the silver film 
6.1 Introduction 
A silver ink is a promising candidate for the electronics application as it is compatible with 
inkjet printing. To produce highly conductive silver tracks with a dense structure, sintering at 
high temperatures is required. Especially, in applications such as plasma display and solar 
cell [162], silver conducting films should be fired at high temperatures above 400 ºC. 
However after annealing at such high temperatures printed films present cracks and pores due 
to the large intrinsic volume reduction upon sintering nano sized silver powders resulting in a 
weak substrate adhesion [163]. 
In order to improve the strength and adhesion of the materials various additives have 
been used in particles dispersion [164-169]. However polymeric materials and resins present 
in most conductive inks lose their ability to bind particles together after high sintering 
temperature. On the other hand a presence of inorganic additives in a film, e.g. SiO2 particles 
have been shown to enhance the interfacial properties of the dispersion [167]. Already, by 
1980 the glass binder+metal+organic binder formulation was well established. The general 
theory was that the glass migrated to the metal-substrate interface to improve adhesion. 
On the other hand when SiO2 is presented in the sample, cracking and poor adhesion is 
expected to be prevented; owing to the hydrogen bonding formed at the interface SiO2-
Si/SiO2-ceramic substrates. It has been found that the role of the hydrogen bonding in 
adhesion of particles to substrate surface plays very important role [169]. Peschel et al. [170] 
suggested that due to the low activation energy of hydrogen bond formation, many solid 
surfaces contain potential hydrogen bond donors and acceptors already at room temperature. 
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Among them, SiO2-SiO2 surface or Al2O3-SiO2 surface have been found to have the hydrogen 
bonding. 
In this part of work the effects of SiO2 content on the microstructure and electrical 
properties of the deposited Ag films are investigated. Since the deposited films may be 
exposed to thermal or structural loads, the mechanical properties of the film play critical roles 
in stress induction. In this study, the hardness of a deposited silver track using the 
nanoindentation test was tested. The measurement of how good the film adheres to the 
substrate has been also performed. 
6.1.1 Objectives 
The objectives of this portion of the study were: 
1. To investigate presence of SiO2 in the Ag ink formula on physical properties of the 
printed film 
2. To optimise the amount of SiO2 with goal of obtaining dense and conductive film 
with improved adhesion than the sample without SiO2 
6.2 Effect of SiO2 content on viscosity  
Printed films usually present cracks and pores when sintered at high temperature. This is due 
to due to the large intrinsic volume reduction upon sintering nano sized silver powders 
resulting in a weak substrate adhesion. In order to improve the strength and adhesion of the 
Ag films SiO2 was added to the ink formula and its effect on properties of the ink and later 
conductivity of the film were investigated.  
First the rheological behaviour of silver inks was investigated as a function of SiO2 to 
evaluate whether the SiO2 dispersion is compatible with silver ink and to confirm the 
suitability of the inks for inkjet printing process. Silver inks were formulated using silver 
nanoparticles as a functional material, copolymer as a dispersant agent, and SiO2 
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nanoparticles as a binder between the particles improving also adhesion of the inks to the 
substrate. Three different ink compositions were formulated. They all contain the same 
contents of silver powder and dispersant but different SiO2 content (0 wt%, 0.05 wt% and 0.3 
wt %). All the formulas were mixed based on their weight percentage and the suspensions 
were treated using ultrasounds. 
Results shown in figure 6.1 indicated that the SiO2 addition did not obviously 
influence the viscosity values. The ink remained viscosity values in an acceptable range for 
inkjet printing which is 1-30 mPa s, thus was inkjet printable and low in spreading on the 
substrate. 
 
Figure 6.1 Rheological behaviour of silver ink with different SiO2 content 
 
The inks have a Newtonian behaviour as the viscosity remains constant over the shear 
range from 100/s to 1000/s. This suggests that the agglomerates of SiO2 are weakly bonded 
together and thus easily fracture to form a dispersed suspension. The viscosity for ink with 
0.05 wt% of SiO2 is 1.24 mPa s, and for ink without SiO2 is 1.27 mPa s. Increasing the 
amount of SiO2 up to 0.3 wt% increased slightly the viscosity up to 1.38 mPa s. High loading 
of SiO2 (0.3 wt %) increase the probability of agglomeration among the SiO2 particles and 
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between the SiO2 and the silver particles which resulted in slight increase of the viscosity 
value. 
6.3 Dry film properties 
To investigate the microstructure of the printed silver inks, films of 10 mm2 dimensions were 
prepared by inkjet printing technique on an alumina substrate. The printed patterns were 
allowed to settle for 10 min, and then sintered at different temperature varied from 350 ºC to 
700 ºC for 10 min. 
 As shown in Section 5.4.5, the removal of organic part took place at 350 ºC and then 
the sintering of the films started to occur. The microstructures of the sintered films with the 
addition of SiO2 were observed under scanning electron microscope and the results are shown 
in figures. 6.2, 6.3, and 6.4. It is observed from the SEM results that the density of the Ag 
film improves with addition of the SiO2 to the ink at all sintering temperatures 350, 500, and 
700 °C. 
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Figure 6.2 SEM micrographs of silver ink with (a) 0 wt%, (b) 0.05 wt%, and (c) 0.3 wt % of 
SiO2  sintered at 350 °C 
 
 
 
 
 
a) 
b) 
c) 
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Figure 6.3 SEM micrographs of silver ink with (a) 0 wt%, (b) 0.05 wt%, and (c) 0.3 wt % of 
SiO2 sintered at 500 °C 
 
 
 
a) 
b) 
c) 
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Figure 6.4 SEM micrographs of silver ink with (a) 0 wt%, (b) 0.05 wt%, and (c) 0.3 wt % of 
SiO2 sintered at 700 °C 
 
However there is no much visible difference between 0.05 wt % of SiO2 and 0.3 wt% 
of SiO2 in the density. Porous and non-uniform surface morphology for all samples is 
observed when sintering temperature was 350 ºC. All the films display denser surface 
a) 
b) 
c) 
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morphology when sintering temperature increased up to 500 ºC. A bigger size of the grain 
and their development with almost void free surface morphology is observed in all samples 
regardless the amount of SiO2 at 700 ºC. 
Based on the results it can be said that the microstructure of the silver films depends 
mainly on the sintering temperature and on SiO2 binder in the ink formulation. 0.05 wt% of 
SiO2 was enough to improve the density of the Ag film. However increasing this amount up 
to 0.3 wt % did not bring any significant changes. 
6.4 Resistivity properties 
The resistivity of the sintered metallic film was measured using Van der Pauw technique. The 
advantage of the van der Pauw (vdP) technique for resistivity measurements is that it allows 
to take a measurement without knowing exact sample geometry. Initially, the technique was 
developed in order to measure the resistivity and the sheet resistance of thin and flat samples 
of semiconductors, but it can also be applied to the case of superconductors. 
Figure 6.5 shows resistivity of printed films as a function of SiO2 content and 
sintering temperature. From the date it is seen that both the amount of SiO2 added to the ink 
formula and sintering temperature affect the resistivity of the printed films. 
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Figure 6.5 Resistance over a printed film with various SiO2 loading as function of 
temperature 
 
All the samples show an increase in resistivity as the temperature increases. Over the 
whole range of temperatures, the sample with 0.05 wt % of SiO2 showed the lowest resistivity 
values (2.3, 2.15, and 2.1 µΩ cm for 350, 500 and 700 ºC respectively), and it can be inferred 
that SiO2 acting as sintering aid, while the sample with 0.3 wt % of SiO2 showed the highest 
(5, 3.2, and 2.1 µ Ωcm at 350, 500, and 700 ºC respectively). Based on the results, it can be 
said that the addition of small amount of SiO2 acts as a binder between particles leading to 
low resistivity values. However, too much SiO2 in the film can function as an electric 
insulator, leading to the increase of resistivity of the film. The sample without SiO2 addition 
shows the middle resistivity value (2.6, 2.2, 2.1 µΩ cm at 350 ºC, 500 ºC, 700 ºC 
respectively). The Van der Paul technique is very accurate technique to estimate the 
resistivity, however slightly different values have been obtained for the sample without SiO2 
when compare to the previous measurement in chapter 5. The differences in values are due to 
the thickness variation of the film which is indicated by the error bars. 
Obtained results demonstrate that the amount of binder plays important role in 
determining the electrical properties of the Ag films in addition to the other physical 
properties described in the chapter. 
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6.5 Adhesion tests 
Adhesion is an important feature of the films in electronic environment. How good the film 
adheres to the substrate defines later properties of the final device.  
Three methods were applied to check test the adhesion of the silver films with SiO2 
content to verify the most suitable for this kind of samples (a soft films on a hard substrate).  
As the first method to carry out the adhesion test was chosen a nanoindenter in scratch 
test mode. In these tests a largest available load of 200 mN was used in a scan across a ~5µm 
thick, ~300 µm wide Ag track (printed onto alumina tape and sintered at 350 °C for 10 
minutes). Figure 6.6 shows that the load of 200 mN was still not sufficient to scratch through 
the film, however it can be seen by the remained thickness after the test with applied load that 
the addition of SiO2 enhances the hardness of the film. 
As a second method for the adhesion test a conventional scratch tester was used. The 
minimum load that could be applied to the sample in this test was 1N. As a result the film 
without SiO2 failed at the minimum load while the film with the addition of SiO2 passed at 
1N though failed at 2N (figure 6.7). 
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Figure 6.6 Ag track thickness measured after the removal of the load in scratch test 
 
 
 
 
Figure 6.7 Optical images of printed silver tracks following scratch testing: without SiO2, (a) 
1N load , (b) with the addition of SiO2, 2N load 
 
This indicates that addition of SiO2 improves adhesion of the film to the substrate 
possibly by as much as a factor of ~10 in terms of load to failure. However it was not 
possible to compare the influence of various content of SiO2 in samples on the adhesion as all 
the samples failed at 2N. 
Following this, trials to measure an adhesion of the films to the substrate have been 
carried out using a peel test. Since it was difficult to quantitatively determine the adhesion 
strength of thin metal films, instead of it, we applied an adhesion test which provides a 
qualitative evaluation of the film adhesion strength. 
The metal films with an area of 10 mm x 10 mm were prepared by inkjet printing (figure 
6.8). Three scotch 3M tapes varying with strength were used in the tests and they are: 
- Blue, painter’s tape for multi-surfaces, lowest adhesion (25 oz. / in) 
- Green, masking tape for hard to stick surfaces, high adhesion (31 oz. / in)  
- Yellow, masking tape for production painting, highest adhesion (35 oz. / in).  
(a) (b) 
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Results were recorded (figure 6.9) and listed in table 6.1. Figure 6.10 shows the 
optical microscope pictures of the tapes after the test for all samples. Visible marks of silver 
films on the tape can be observed depending on the SiO2 content and sintering temperature.  
 
 
Figure 6.8 Optical microscope image of printed Ag  
 
 
 
 
L1 
L2 
L3 
350 ºC L3   L1    L2 500 ºC 
Ag Ag 
Alumina substrate 
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Figure 6.9 Optical microscope images of tapes after the test  
 
Table 6.1 Results from peel test for silver film with 0 wt% (L1), 0.05 wt% (L2), 0.3 wt% 
(L3) of SiO2 content sintered at various temperatures( 350 ºC-700 ºC) 
Tape used        
 
                       Samples 
Blue Green,  Yellow 
350°C L1 ½ of the surface on the 
tape  
½ of the surface on the 
tape  
½ of the surface on the 
tape  
350°C L2 Nothing on the tape Nothing on the tape Very small Ag marks on 
the tape  
350°C L3 Small Ag marks on the 
tape  
Small Ag marks on the 
tape  
Small Ag marks on the 
tape  
500°C L1 Nothing on the tape 
 
 
Nothing on the tape Nothing on the tape 
500°C L2 Nothing on the tape 
 
 
Nothing on the tape Nothing on the tape 
500°C L3 Nothing on the tape 
 
 
Nothing on the tape Nothing on the tape 
700°C L1 Nothing on the tape 
 
 
Nothing on the tape Nothing on the tape 
700°C L2 Nothing on the tape 
 
 
Nothing on the tape Nothing on the tape 
700°C L3 Nothing on the tape 
 
Nothing on the tape Nothing on the tape 
 
 
L3   L1    L2 700 ºC 
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For the Ag film without SiO2, and annealed at 350 ºC, 50 % of the film was detached 
with both tapes. For the Ag film with 0.3 wt% added SiO2 annealed at 350 ºC, only 10% of 
the film was removed (removed area approx. 10%) with the yellow tape, indicating that 
adding SiO2 helps improve the adhesion. The Ag film with 0.05 wt% SiO2 was found to have 
the best adhesion at 350 ºC. Both 500 and 700 °C appear to be good sintering temperatures in 
terms of strong adhesion both with and without added SiO2. Nevertheless, a high SiO2 
content is not beneficial to film conductivity, as shown as previously discussed (fugure 6.6) 
and for this reason, the optimal SiO2 content for the Ag conductive ink is considered to be 
0.05 wt%. 
6.6 Mechanical properties 
The ability to accurately measure the mechanical properties of thin metallic films is important 
in electronics, and particularly, in semiconductor industry as it needs to assess the device 
reliability. The technique for measuring thin film mechanical properties used in this work is 
nanoindentation. This technique has the advantage of being able to measure properties such 
as hardness and elastic modulus without removing a film from the substrate. 
The discussion of experimental results will begin with an overview of the characteristics 
of the load displacement curves for the three samples, Ag film without and with addition of 
0.05 wt% and 0.3 wt% SiO2 nanoparticles. Figures 7-9 show experimental data for each of 
the materials at various sintering temperatures where an indentation was made to peak loads 
of 10 mN. The differences in hardness of the materials are noticeable from the differences in 
the depth. The softest sample is 0.3 wt % SiO2-added Ag film, with a peak depth of almost 
570 nm at 350 ºC, 580 nm at 500 ºC, and 600 nm at 700 ºC, while the hardest is pure silver 
film, which was penetrated to a depth of only about 470 nm at 350 ºC, 480 nm at 500 ºC, and 
490 nm at 700 ºC. The displacement’s values for sample with 0.05 wt% presence of SiO2 
were 520, 540, and 550 while sintered at 350, 500, and 700 ºC respectively.  
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Figure 6.10 A view of the unloading/reloading portion of the load versus indenter 
displacement data for the sample of printed silver ink with 0wt % of SiO2 
 
 
 
 
 
 
 
 
Figure 6.11 A view of the unloading/reloading portion of the load versus indenter 
displacement data for the sample of printed silver ink with 0.05 wt % of SiO2 
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Figure 6.12 A view of the unloading/reloading portion of the load versus indenter 
displacement data for the sample of printed silver ink with 0.3 wt % of SiO2 
 
Under applied load, tested materials behaved in an elastic manner. When stress had 
been applied, strain was resulted. Once the stress was removed, the materials returned to their 
original state (i.e., the strain went back to zero). As can be seen, the sample materials show 
varying degrees of elastic recovery during unloading, the largest being that for 0.3 wt % SiO2 
film. 
The elastic behaviour of all materials can be explained as a simple spring example. 
The bond force holding atoms in equilibrium positions in material linearly dependent on 
interatomic distance. During applying the load, the atoms will move respective to one 
another.  The movement will stop when the bond force (resulting from change in interatomic 
distance) is in balance with the applied force. Once the loading is removed, the atoms will 
return to the original equilibrium positions. Therefore, the behaviour of the whole material is 
linear elastic. 
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Indentation hardness  
To examine the change in hardness of the samples with various amounts of SiO2 loading  
(0 wt%, 0.05 wt%, and 0.3 wt %), final hardness data from all three materials are plotted 
against SiO2 content at different temperatures (350 ºC, 500 ºC, and 700 ºC) in figure 6.13. All 
samples show the behaviour typical of materials in which the hardness is relatively small 
compared to the behaviour observed in most models of metals. 
According to the Oliver–Pharr method [79], the indentation hardness (H) is obtained 
from equation 6.2  
                H = Pm/A                                               (6.1) 
Where Pm is the maximum applied load, and A is the contact area between the indenter and 
the silver film.  
 
Figure 6.13 Hardness change against SiO2 content in Ag ink formula at various temperatures  
 
From the experiments, the hardness varies not only with the content of SiO2 but also 
with temperature. Increasing the content of the SiO2 soften the film. In the same time the 
higher sintering temperature the harder film is obtained for all samples. Examination of the 
curves shows that the hardness of the film without SiO2 content is 1.4 GPa at 350 ºC and 
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increases up to 1.5 GPa while the sintering temperature rises up to 700 ºC. The small addition 
of SiO2 (0.05wt%) does not change the hardness value much, however increasing the SiO2 
content up to 0.3 % softens the film significantly over the whole range of temperatures. The 
hardness of the films at 350 ºC was 1.31 and 1.1 for 0.05 wt% and 0.3 wt % respectively. 
These values increases up to 1.38 GPa and 1.06 GPa for 0.05 wt% and 0.3 wt% respectively, 
when temperature rises up to 500 ºC and then further arises to 1.43 GPa and 1.12 GPa for 
0.05 wt% and 0.3 wt% respectively at 700 ºC. On the other hand pure Ag film is the hardest 
among the all samples. 
6.7 Conclusion 
An attempt has been made towards the development of silver ink with improved physical 
properties. As a result printable inks containing nanosized SiO2 were prepared. The properties 
of the subsequently developed inks with different compositions were printed on the alumina 
tape. The effect of various amount of silica nanoparticles added to the ink formula on 
properties of Ag films, such as hardness, adhesion, morphology and resistivity have been 
studied using nanoindentation, peel test, and SEM. The results indicate that the presence of 
SiO2 affects the properties of the Ag films. The percentage of the SiO2 added in the ink was 
responsible for the development of microstructure for the sintered silver films. The addition 
of SiO2 had also large effect on improving the conductivity of the films. The conductivity is, 
though, better when only a small amount of SiO2 was added. Therefore, we can conclude that 
the presence of SiO2 in the ink sample must be optimised. The results indicate that SiO2 is 
also the major contributing factor in bonding the particles. The addition of a binder in the 
film materials is important not only for promoting the sintering and improving the 
densification but also for providing the adhesion to substrate. All the fired films showed very 
strong adhesion when sintered at 500 and 700 ºC. It is also revealed that the addition of SiO2 
to the ink softens the films irrespective of the SiO2 content. Studies showed that SiO2 can be 
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used for improving the physical properties of the film remaining their ability to bind the 
particles together after high sintering temperature and promoting the adhesion of the films to 
the substrates. 
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Chapter 7 
Inkjet printing in recesses for improved dimensional control 
7.1 Introduction 
One of the challenges of printing conductive materials is to obtain desired morphology and 
geometry of the pattern.The morphology of the printed lines has an effect on the bulk 
electrical properties of the printed line. Smaller feature size enables the benefits of inkjet 
printing in functional applications, such as printed electronics. 
Metal films directly deposited on a substrate typically show poor geometry due to 
spreading of the ink-a particularly serious issue for thicker films (composed of more than one 
printed layer) and films printed on rough substrates. 
The ability of controlling the geometry of the printed features is very important in 
determining its electrical resistivity and mechanical adhesion. For conductive tracks, ideal 
printed lines should be straight and smooth. Additionally, in order to optimize the electrical 
performance of the printed features, defaults such as discontinuity of the deposit, spreading of 
the ink or edge irregularities have to be avoided. 
The ceramics play an important role in electronics miniaturization and have potential 
to become a mass production technology for non-silicon microsystems. Using ceramic tapes 
it is possible to integrate small passive components on ceramic substrates in 3-D that give 
considerable possibilities for electronic miniaturization. 
Since the behaviour of the ink depends on the interactions between an ink and the 
substrate, the effect of three different surface characters on the morphology of printed feature 
was measured. That was done by printing the lines of the Ag ink while varying the number of 
individual dots that were placed in a line within the span of 1 inch (= dot spacing), and 
varying substrate temperatures ranging from 23 to 60 ºC.  
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The other, an effective approach to control the geometry of printed features is to 
structure the topography of the substrate by embossing. 
In this chapter, inkjet printing of a silver nano ink onto a predefined pattern in a 
substrate will be presented. The investigation of the possibility to control the track 
dimensions by printing the Ag track in an embossed recess is proposed. The ink jet printing 
of silver ink onto embossed alumina and Low Temperature Co-fired Ceramic (LTCC) 
substrates might be used as a means of providing the dimensional accuracy needed for the 
THz components. Once the channels have been formed by embossing, they can be filled with 
liquids or inks using capillary forces. At the sufficiently small contact angle the structured 
channels are filled with the liquid as a result of the capillary force. Printed features on flat and 
structured substrates silicon, alumina, LTCC were compared and results presented. As a 
result the ink well confined to the recess and the line would not be defined in such a way on a 
flat surface. 
7.1.1 Objectives 
The objectives of this portion of the study were: 
1. To improve the geometry of printed pattern 
2. To optimise the printing parameters such as  dot spacing and substrate temperature 
with the goal of achieving well defined lines with reduced spread of the ink 
3. To investigate inkjet printing of a silver nanoparticle ink onto a predefined 
topography pattern in a surface (embossed structures) of the ceramic substrates with 
the aim of improving the resolution of the printed features. 
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7.2 Inkjet printing of lines on unstructured substrates  
7.2.1 Substrate characterisation 
The properties of the substrate, such as surface energy and roughness influence the final 
printing results. The surface energy of the substrate has an important influence on the wetting 
properties, hence on the geometry of resulted feature. The information about how a solid is 
wetted by a liquid is taken from the measurement of the angle at which the liquid–vapor 
interface meets the solid–liquid interface. The surface tension of the ink should be lower than 
the surface energy of the substrate to perform printing. When the surface energy of the 
substrate is determined, it is easier to match the properties of the ink or assign if the surface 
pre-treatment of the solid is needed. Additionally it is also advisable to have low surface 
roughness to promote the ink transfer and obtain the appropriate resolution. A high degree of 
surface roughness can probably cause an uneven ink distribution and lower print density.  
The measurements of surface tension of a solid substrate utilize the interaction of 
solid surfaces with a few test liquids. This procedure uses projection instruments and 
microscopes (OCA, Data physics) to measure the contact angle of a test liquid on a specified 
substrate and the OWRK method to determine surface energy of the surface. 
The Owens–Wendt–Rabel–Kaelble (OWRK) [171] method is used to determine, both 
disperse and polar components of the surface energy of the substrates. According to their 
model, the surface tension is the sum of disperse and polar fractions: 
                                                                                                  
(7.1) 
In this equation, γ (mJ.m-2) is the surface energy, γd (mJ.m-2) and γp (mJ.m-2) are the disperse 
and the polar components respectively. After measuring the different contact angles obtained 
using different solvent, we can mark out a curve of the following form: 
                                                                                                                      (7.2) 
dp γγγ +=
baxy +=
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In this equation, the x axis values and the y axis values can be calculated as following: 
                                                                                          
(7.3) 
                                                                                              
(7.4) 
                                   
                                                           (7.5) 
                                                          
                                                           (7.6) 
 
γ
P
L (mN.m-1) is the polar surface tension of the solvent, γdL (mN.m-1) is the disperse 
component. Θ is the contact angle in radian formed between the solvent drop and the 
substrate. 
Four kinds of substrates, Si wafer, alumina, LTCC DP951, and LTCC CT700 have 
been analysed. Four kinds of solvent, with known polarity and surface tension values, have 
been used to determinate the surface energy of the substrates. Dynamic contact angles were 
calculated for each liquid independently. In table 7.1 the characteristics of the liquids are 
presented. Parameters x and y were calculated from equations (7.3) and (7.4) respectively. 
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Table 7.1 Surface energy values for used solvents 
 
Solvent 
Surface 
energy 
(mN/m) 
 
SE(disperse 
fraction) 
(mN/m) 
SE (polar 
fraction) 
(mN/m) 
X Y 
 
Ethanol Amine 
 
48.89 
 
31.52 
 
17.32 
 
0.74 
 
8.40 
 
Diodomethane 
(CH2J2) 
 
50.80 
 
33.80 
 
17.00 
 
0.68 
 
8.06 
 
Ethylene Glycol 
 
47.3 
 
 
29.29 
 
18.91 
 
0.64 
 
9.10 
 
Glycerol 
 
 
64 
 
37.00 
 
26.40 
 
0.71 
 
8.58 
 
All tape surface energies values together with polar and dispersive contributions are given 
in Table 7.2. A value is considered as acceptable when the correlation index R2 (calculated 
form equation 7.7) was higher than 0.8. 
                                    =   
 ∑∑∑
	
  ∑  	
  ∑
                        (7.7) 
where n is the number of pairs of data. 
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Table 7.2 Surface energy for Si, Alumina and LTCC 
 
 
Silicon wafer 
 
Alumina tape 
 
LTCC DP951 
 
LTCC 
CT700 
 
γp (mJ.m-2) 
 
11.63 ± 1.32 
 
25.17 ± 0.33 
 
 
15.17 ± 0.09 
 
18.20 ± 0.29 
 
γd (mJ.m-2) 
 
36.03 ± 0.63 
 
 
28.8 1 ± 0.52 
 
19.30 ± 0.04 
 
19.30 ± 0.04 
 
γ (mJ.m-2) Surface 
Energy 
 
47.66 ± 0.82 
 
53.98 ± 0.43 
 
34.47 ± 0.13 
 
37.5 ± 0.17 
 
R2 
 
0.9972 
 
 
0.9863 
 
0.9962 
 
0.9893 
 
In the case of the Si wafer the contribution of the dispersive surface energy               
(36.03 mN/m) is higher than that of the polar (11.63 mN/m). Solvent based inks are 
preferable to print on this substrate. In order to formulate water based inks suitable to print on 
a Si wafer a wetting agent is required to promote ink adhesion to the substrate. 
Results from alumina and LTCC tapes analysis show high surface energy with 
approximately equal disperse and polar fractions. These tapes are hydrophilic and can be 
printed by water based inks without adding adhesion promoters. 
Energy surface for all substrates presented in this part of work is higher than the ink. 
So the silver ink can be printed on those tapes. 
 For the substrate roughness measurement of the tapes, the Altisurf 500 apparatus at 
Grenoble INP-Pagora was used and results are shown in figure 7.1. 
 
 
148 
 
 
 
Figure 7.1 Roughness analysis results for (a) LTCC DP95, Ra 0.36 ± 0.01 µm, (b) LTCC 
CT700, Ra = 0.49 ± 0.07 µm, and (c) alumina, Ra 0.24 ± 0.03 µm 
As it was said before, ceramic surface will need very low roughness in order to 
promote the ink transfer and achieve the appropriate resolution. A high degree of surface 
roughness can probably cause an uneven ink distribution and lower print density. Among all 
three substrates, LTCC CT700 shows the highest surface roughness (= 0.49 µm) (figure 7.1) 
and on this tape the ink spreads the most which will be presented later, in section 7.2.2. 
The different widths of printed lines on different substrates are caused by different 
surface energies and roughness. A good example can be seen in figure 7.2 where printing 
under the same conditions, brought various width and geometry of the track. The adhesion of 
the ink on the silicon substrate was poor causing de-wetting of the ink and significant 
reduction in line width over most of the length of the track the printed track widens and 
a) b) 
c) 
 rounded at the edges loosing the geometry of a rectangle while using silicon
opposite effect was seen on alumina tape, where sharp geometry of the track was obtained. 
This is due to better adhesion of the ink to the rough substrate which results in limiting the 
spreading of the ink. The changes in the 
were also noticed while printing on 
further discussed in section 7.2.2.
Figure 7.2 Silver lines printed on 
7.2.2 Investigation of process parameters on morphology of printed features. 
The ability of controlling the geometry of the printed features is very important in 
determining its electrical resistivity
lines should be straight and smooth. Additionally, in order to optimize the electrical 
performance of the printed features, defaults such as discontinuity of the deposit, spreading of 
the ink or edge irregularities have to be avoided
Initial experiments were performed to verify the influence of the substrate 
temperature on the printed Ag ink behaviour
were printed onto ceramic substrate at different temperatures: room temperature, 4
50 °C, and 60 °C. For each thermal value, the lines were left to dry for about 5 minutes.
Figure 7.3 presents the final width of the printed lines on different substrates against 
substrate temperature, at given dot spacing. 
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material and hence decreases the width of the printed line. As a result, it results in smaller 
printed features. When dot spacing was increased to larger than 60 µm, partially continuous 
lines were formed and further increase of the dot spacing led to individual droplets.  
The width of the lines printed becomes narrower with the increase of the substrate 
temperature. However the decrease in the line width between 23 °C and 40 °C is greater than 
that between 40 °C and 60 °C, which may be due to the quicker evaporation of water at 
higher temperature, resulting in a lower degree of spreading.  
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Figure 7.3 Width of the printed silver lines at different dot spacing (legend) on (a) CT700, (b) 
DP951, and (c) alumina substrates against substrate temperatures. 
With increasing the substrate temperature, the width of the track is reduced. As the 
evaporation rate of water increases it results in the increase of solid concentration in the ink 
and subsequently the fast increase in viscosity. The increase of viscosity of the silver ink 
0
100
200
300
400
500
600
15 25 35 45 55 65
W
id
th
 (
µ
m
)
Temperature (°C)
10
20
40
60
0
100
200
300
400
500
600
15 25 35 45 55 65
W
id
th
 (
µ
m
)
Temperature (°C)
10
20
40
60
0
100
200
300
400
500
600
15 25 35 45 55 65
W
id
th
 (
µ
m
)
Temperature (°C)
10
20
40
60
a) 
b) 
c) 
152 
 
decreases the mobility of the ink droplet and consequently prevents its spreading and ensures 
the desired print quality. However, for the cases of wider dot spacing, the temperature does 
not show such a significant influence. This is because the evaporation of droplets occurs fast 
enough as there is little influence of the interaction with neighbouring dots. 
Figure.7.4 shows printed lines at 40 ºC on (a) CT700, (b) DP951and (c) alumina with 
10 µm dot spacing, and on (d) CT700, (e) DP951 (f) alumina with 40 µm dot spacing. 
Increasing the dot spacing reduces the deposited material and hence decreases the width of 
the printed line. However this parameter should be optimised for each ink to be used.  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 7.4 Optical microscope images
(c) alumina with 10 µm dot spacing, and on 
µm dot spacing. 
 
Although the optimized temperature and dot spacing enabled to obtain narrow and straight 
lines, in case of building up a thickness, the width of the lines changed. Increasing the 
number of printed layers causes the spreading of the ink, hence increase in the width and 
poorer the geometry of the lines (
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 of printed lines at 40 ºC on (a) CT700
(d) CT700, (e) DP951, and (
table 7.3). 
0.2 mm 
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0.2 mm 
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b) 
c) 
 
 
 
, (b) DP951 and 
f) alumina with 40 
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Table 7.3 Width of the printed lines on various substrates 
Substrate 
 
Width (µm) 
 
 1 layer 
 
3 layers 5 layers 
LTCC sintered 280 284 
 
285 
Alumin green 208 270 
 
300 
Alumina sintered 248 256 
 
286 
 
 
7.3 Investigation of conductive silver tracks in patterned channels 
Direct deposition of the thick film (composed of more than one layer) on the substrate, 
especially on through substrate shows poor geometry of the metal films and reduces its 
resolution which is due to spreading of the ink. Although the combination of optimised 
substrate temperature and dot spacing brought good results in a printed film in terms of its 
geometry and the width of the track, there was still a problem when more than one layer of 
ink was printed. To enable printing more layers and simultaneously remaining the geometry 
of the track, a new method for controlling the morphology of inkjet printed lines was 
proposed. The new technique is based on printing the ink into the structured channels with 
predefined topography. The structures are formed by embossing and laser. The silver ink was 
inkjet printed over the embossed channels filling a single channel, as a consequence of 
capillary forces. After the ink was deposited, the width of the formed track was taken, as 
good as a recess was defined if no spill over was observed.  
The fabricated structures, obtained with embossing tool and laser machine can be seen as 
micro-channels in a ceramic surface. Three different surfaces were analysed. Commercial 
LTCC sintered tape, CT700, provided by project partners Micro System Engineering, 
(Germany) and two alumina tapes, sintered and green developed by Swerea IVF (Sweden). 
 
155 
 
LTCC sintered tape 
The channels in LTCC tape were formed by embossing. The typical printing results are 
shown in figure 7.5. It might be noted that the directing of the ink into the channels has taken 
place successfully. One of the most notable features of this track is that it shows little 
variation in its width over its total length, and the width of the formed track was taken, as 
good as a recess was defined if no spill over was observed. 
 
 
 
Figure 7.5 Optical microscope image of 10 layer and single layer tracks 
 
These tracks were also examined using SEM. Figure 7.6 shows a typical view of the track 
on sintered LTCC. The obtained track composed of 10 layers of the ink is straight with good 
conformance to the edges. At either side of the track in figure 7.6 the thin deposit of the film 
that is coated on both sides can be seen. Although the ink wets the sidewalls, it does not go 
over the top as well as the formed film is very thin and should not contribute significantly to 
the track’s conductivity. 
1 layer not in recess 
10 layers 
1 mm 
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Figure 7.6 Ten layer Ag track 5 mm long printed on sintered LTCC starting in the corner of 
the recess, (a) close-up of corner, (b,c) higher magnification close, (d) the end face of the 
recess, (e) cross section, (f) close-up of the cross section  
 In figure 7.6 (a) we can see the top view of the embossed channel filled with the ink 
and no spillage is observed. A higher magnification close-up (figure 7.6 (b)) shows ink runs 
up to the top but not over the top of the recess. Ink flowing up to the end face of the recess 
shows coverage rather patchy at top (figure 7.6 (c)). The cross section of the dried Ag ink 
a) b) 
c) d) 
e) f) 
LTCC 
Ag 
Ag 
Ag 
Ag 
Ag 
Ag 
LTCC 
LTCC 
LTCC 
LTCC 
LTCC 
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track (figure 7.6 (e)) formed at the bottom of the recess, and a good uniform coverage on the 
floor of recess can be observed. Close-up shows a good dense ink film with quite uniform 
thickness (figure 7.6 (f)).  
The volume of the formed track was found to be in good agreement with the solids 
content of the silver nanoparticle ink (45 %). The initial thickness of the film is 20 times 
larger than the final thickness which indicates that most of the solvent is still present when 
the ink finishes filling the channel. The thickness of the film was ~ 5µm and the total width 
of the feature is about 500 µm. 
Figure.7.7 shows SEM image of Ag track printed on LTCC substrate away from 
recess. It can be seen that in the edge it is not straight along the way and is much more 
irregular when compared to the track printed in a recess (figure 7.6). The average of the 
irregularities is around 20 µm. 
 
 
Figure 7.7 Edge of rectangular line printed away from recess (on the blank substrate)  
Alumina sintered tape 
Figure 7.8 shows a track that was formed in the alumina substrate by laser structuring. Six 
laser machined arrays with a range of depths. 350, 400 and 450µm wide recesses from top 
right array were selected for first trials. Dektak measured depth was 53-58 µm for these 
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recesses. After printing the sample was cleaved along black line and the piece A was carbon- 
coated and examined using SEM. 
 
 
Figure 7.8 Microscope image of six laser machined arrays on alumina substrate 
 
 
 
Figure 7.9 SEM micrographs of a Ag track prepared by laser structuring. Alumina substrate 
structure (sintered), (a) top view, (b) the end of the track, (c) close – up of the edge, and                  
(d) the bottom, cross section 
 
 
 
a) 
a) b) 
c) d) 
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No overspill was observed when 10 layers of ink were deposited in 450 µm recess (figure 
7.9). Close-up of the recess shows that the ink stops at edge of the deep groove (figure 7.9 
(b)). A deep groove at edge as visible in figure 7.9 (d) is due to the laser machine process. 
 Figure 7.10 (b) shows the optical microscope image of an Ag track printed on an 
alumina substrate away from the recess. As can be seen in figure 7.10 (a) the track shows 
good conformance to the recess edges, however a small area with slight spill over is 
noticeable. Still this has a better geometry than the track printed next to the recess where 
irregularities in the form of ~ 100 µm waves are present (figure 7.10 (b)). 
 
 
 
 
 
Figure 7.10 Optical images of Ag track with (a) sample pieced together after cleaving and (b) 
Ag track printed away from recess for comparison 
 
Alumina green tape  
Figure 7.11 shows a Ag track that was formed in the alumina green substrate by 
embossing.  
 
 
 
 
 
 
 
 
a) b) 
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Figure 7.11 SEM micrographs of a Ag track prepared by embossing in green alumina tape. a) 
and b) Top view, c) and d) close-up of the edge 
 
As can be observed in figure 7.11 (c), the silver track at higher magnification shows ink 
only just visibly rising up at edge (thin line arrowed) and hence well confined. An ink layer in 
recess at cut edge (figure 7.11 (d)) shows smooth cut achieved and also appears to show ink 
has seeped into alumina (apparently infiltrated area arrowed). Low magnification of the track 
in figure 7.11 (b) shows infiltrated area and good conformance of ink to side of recess, 
although this may be due to confinement by the crack that appears to be running along the 
edge. An ink layer track away from cut edge showing good edge conformance. (figure7.11 
(a)). 
 
 
a) b) 
c) d) 
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7.4 Conclusion 
The problem addressed in this chapter was the poor geometry of the metal films when are 
directly deposited on a substrate, due to spreading of the ink. This is particularly serious issue 
for thicker films (composed of more than one printed layer) and films printed on rough 
substrates. 
In order to control the geometry of inkjet printed features on a flat substrate aqueous 
Ag ink was printed on heated substrates. The width of the track printed under  the same 
conditions varied with the substrates, e.g. at room temperature the width of the track               
was ~ 490, 520 and 680 µm for LTCC DP951, alumina and LTCC CT700 respectively when 
printing with 10 µm dot spacing. The different width of the printed lines on different 
substrates is caused by different surface energies and roughness. 
Straight and smooth lines with improved morphological control and resolution were 
achieved using the optimal temperature of 40 ºC.  
Finally, increasing the dot spacing and the substrates temperature resulted in narrow 
printed line and improved geometry of printed patterns because of the limited ink spreading. 
This combination made it possible to print lines with a diameter of 200 µm. 
To enable consecutive printing of Ag ink layers and at the same time to retain the 
geometry of the track, a new method has been presented. This consists of printing the ink into 
the structured channels with predefined geometry in ceramic substrates. These grooves were 
formed into the ceramic substrates by means of either embossing or laser machining. 
Advantages of having a structured substrate include a very good and controllable 
geometry of the track and elimination of non-uniform spreading which consequently leads to 
the better performance of the final device. The width of the track remains the same while 
printing more than one layer ensuring improved resolution of the printed features. 
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Chapter 8  
Silver nanowires synthesis and dispersion preparation 
8.1 Introduction 
There is currently great interest in nanowires for increasing the functionality of thin film 
electronic devices and also - since they can be incorporated in inks and directly deposited 
onto substrates - driving down processing costs. Such metal nanowires films may have high 
conductivity while remaining a metal volume content as low as 1 wt% and thus may be 
highly transparent. 
The work presented here focuses on synthesis, formulation and printing of Ag 
nanowires. The work was prompted by the electronics industry wide quest for materials with 
increased flexibility, lower cost and higher transmittance to replace indium tin oxide (ITO) 
the most extensively used material for transparent electrodes. Various new materials have 
been investigated for this application among which are carbon nanotubes (CNT) [172], 
graphene [173], and Ag nanowires [174].  
In the present work silver nanowires were synthesised and the effect of parameters such 
as polymer concentration and reaction temperature on the morphology of the final material 
was investigated. The resulted nanowires were dispersed in methanol with the help of 
copolymer F127 and subsequently printed by Mayer rod onto plastic and glass substrates so 
forming conductive and transparent films. The dispersing properties of four different 
dispersants (AOT, CTAB, PVA, and F127) in two solvents (water and methanol) for Ag 
NWs have been checked. F127 dispersed in methanol turned to be the best surfactant-solvent 
combination yielding the highest dispersion of AgNWs. 
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8.1.1 Objectives 
The objectives of this portion of the study were: 
1. To synthesise and identify the influential factors in the synthesis of Ag NWs 
2. To optimize the best conditions of the synthesis and achieve the ultimate goal of a 
thin (< 100 nm) and long (> 5 µm) Ag NWs 
3. To formulate Ag NWs ink. Optimising the amount of the dispersant with the goal of 
obtaining high loading dispersion of AgNW 
4. To deposit prepared AgNWs ink onto plastic and glass substrate and investigate the 
functionality of the film 
8.2 Synthesis and characterisation of silver nanowires 
As a synthesis method for AgNWs , the polyol process was investigated due to its simplicity, 
time efficiency and high yield of the obtaining particles advantages. Effect of various 
parameters on the morphology of the final material was analysed. 
The formation of the 1D Ag nanostructures by reducing AgNO3 with ethylene glycol in the 
presence of Pt seeds and poly (vinyl pyrrolidone) experiences two steps [175]. In the first 
step, 5 nm Pt nanoparticles are formed by reducing PtCl2 with EG. 
2HOCH2 – CH2OH          2CH3CHO + 2H2O                                   (8.1) 
CH3CHO + PtCl2             CH3CO – COCH3 + Pt + 2HCl                                              (8.2) 
The second step involves nucleation and growth of Ag nanowires by adding AgNO3 and PVP 
solutions into the reaction medium. 
      HO-CH2-CH2-OH    2 CH3CHO + 2 H2O                                                            (8.3) 
      2 CH3CHO + 2 Ag+   CH3CO-OCCH3 + 2 Ag + 2H+                                           (8.4) 
 
The formed Ag atoms from reduction reaction of AgNO3 with EG nucleate through 
homogenous and heterogeneous nucleation [176]. The heterogeneous nucleation results in 
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formation of Pt nanoparticles which serve as nuclei for the epitaxial growth of Ag NW from 
the silver nanoparticles with a diameter of 20-30 nm formed in the solution. The homogenous 
nucleation yields silver nanoparticles with a diameter of 1-5 nm. They are very well-
dispersed because of the presence of PVP which could chemically adsorb onto the surfaces of 
silver solid through O-Ag bonding [175]. Increasing the temperature of the reaction causes 
the small nanoparticles progressively disappearing to the benefit of larger ones via a process 
known as Ostwald ripening [135] and so the nanowires are produced. The Ostwald ripening 
is a spontaneous process which is based on dissolving small crystals or sol particles, and their 
redeposit onto larger crystals or sol particles. Larger crystals are more energetically favoured 
than smaller crystals. Although the formation of many small crystals is kinetically favoured 
(i.e. they nucleate more easily), they are energetically less stable than the ones already well 
ordered and packed in the interior. This is due to larger surface area to volume ratio 
molecules on the surface of small crystals. Thus, many small crystals will attain a lower 
energy state if transformed into large crystals. 
Nanowires have the properties different from the bulk materials as the electrons in 
nanowires are quantum confined laterally and thus occupy energy levels that are different 
from the traditional continuum of energy levels found in the bulk materials. The need for 
longer and thinner nanowires is due to their ability to significantly decrease the percolation 
threshold in surface conductance [135]. 
 
8.2.1 PVP concentration effect on geometry of silver nanowires 
The morphology of the Ag NW strongly depends on the concentration of PVP. Figure 8.1 
shows SEM pictures of samples synthesised using a procedure described in section 3.1.3, 
except that the concentration of PVP increased from 2.5 µmole to 50 µmole.  
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As it can be seen in figure 8.1, concentration of PVP played a crucial role. Using 2.5 µmol of 
PVP (figure 8.1 (a)) resulted in 3 µm long and 120µm wide Ag nanowires. By increasing the 
PVP concentration up to 3.8 µmol, a longer (10 µm) and thinner in diameter (100 nm) Ag 
nanowires were obtained compared to the sample in figure 8.1 (a). The difference in 
morphology between samples in figure 8.1 (a) and (b) might be due to the low concentration 
of PVP in (a) which leads to incomplete coverage of PVP on side surfaces so the nanowires 
became thicker during their length growth [135]. 
 
 
Figure 8.1 SEM micrographs of Ag NW synthesised at different PVP concentration,             
(a) 2.5 µmol, (b) 3.8 µmol, (c) 5 µmol, and (d) 50 µmol 
 In figure 8.1 (c) it can be noticed that further increase in the PVP concentration results 
in the presence of nanoparticles at the expense of nanowires. Increasing the PVP 
concentration further up to 5 µmol produces primarily silver nanoparticles with an average 
a) b) 
d) c) 
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size of ~50 nm. It is worth to note that no wires (using this concentration of PVP) were 
obtained even after the solution had been heated at 170ºC for the next 3 hrs. 
The exact role of PVP is not clear at the moment. One possible function is a kinetic 
control of the growth rates of different crystallised faces through absorption and desorption 
process when PVP interacts with these faces [41]. The high concentration of PVP might 
increase the coverage layer of PVP on faces of the seeds, leading to an isotropic growth. 
8.2.2 Temperature effect on the morphology of silver nanowires 
Temperature was also found to be an influential factor in the formation of Ag NW. Figure 8.2 
shows SEM of final products obtained at different reaction temperatures. 
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Figure 8.2 SEM micrographs of Ag NWs synthesised at various temperatures, (a) 140,              
(b) 160, (c) 170, and (d) 180 ºC 
 When the reaction mixture was heated at 160 ºC the diameter of formed Ag NW was 
observed to be ~150 nm (figure. 8.2 (b)). Increasing temperature to 170 ºC resulted in a 
decrease of the diameter ~100 nm (figure. 8.2 (c)). However, further increasing temperature 
to 180 ºC the diameter of the obtained AgNWs increased again to about 150 nm. When the 
reaction temperature was set at 140 ºC a very low percentage of NWs were obtained. 
Although the lowest diameter (~70 nm) could be obtained at 140 ºC however many spherical 
particles rather than nanowires were found in the final product. This is because at lower 
temperatures the activation of the specific faces for the anisotropic growth of NWs cannot 
take place due to lack of energy that could activate that growth [135].  
 Again it was seen that the temperature is a very important factor to control because 
itinfluences the morphology of produced Ag MWs. 
a) b) 
c) d) 
168 
 
8.3 Dispersion of nanowires 
Chemical methods for making dispersion use dispersants to change the surface energy of the 
nanowires, which helps improve their wetting characteristics and reduce their tendency to 
agglomerate in the solvents.  
To determine the best dispersant-solvent combination for Ag NWs, two solvents, 
water and methanol and different dispersants, AOT, CTAB, F127, and PVA were 
investigated. 
8.3.1 Calibration curve 
The dispersions of Ag NWs in dispersant solutions were characterized using UV–vis 
spectrophotometer operating between the ranges of 200–900 nm wavelength to record the 
absorbance. According to the Beer-Lambert Law, absorbance of the sample material is 
proportional to its concentration. 
Concentration of Ag NWs dispersed into the solution was determined by plotting first 
the calibration curve. For this purpose a number of solutions of the Ag NW each of 
accurately known concentration were prepared. Then for each solution (V1 = 1.5*10-3 mol/L, 
V2 = 4.6*10-3 mol/L, V3 = 7.7*10-3 mol/L, V4 = 1.3*10-2 mol/L), measure the absorbance at 
the wavelength of strongest absorption was measured. Subsequently a graph of that 
absorbance against concentration was plotted to obtain a calibration curve (figure 8.3).The 
corresponding concentrations for AgNWs samples were read from the graph.  
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Figure 8.3 Calibration curve (Absorbance as a function of Ag NWs concentration)  
 
8.3.2 Comparison of dispersing properties of the dispersants. 
In order to compare the dispersing properties of the four dispersants, Ag NWs in two kinds of 
solvents were prepared at concentrations ranking from 16 *10-3 mol/L to 7 *10-3 mol/L, 
keeping the concentration of surfactant (0.25 wt %) constant. These samples were 
ultrasonicated for 10 min. 
Dispersions were analyzed with UV–vis spectroscopy and the maximum extractable 
concentration of Ag NWs (at 0.25 wt% surfactant concentration) was determined for each of 
the surfactants. The baseline correction was carried out using pure 0.25 wt% solutions of the 
four surfactants so that their absorbance values got subtracted from that of Ag NWs 
dispersions. 
Figure 8.4 shows the UV–vis spectra of Ag NWs with varying concentrations of 
nanowires in surfactant solutions in water and methanol. 
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Figure 8.4 UV–vis spectra of various concentrations of silver nanowires in (a) F127, (b) 
CTAB, (c) AOT, and (d) PVA in water and (e) F127, (f) CTAB, (g) AOT, and (h) PVA in 
methanol 
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In all samples, the absorbance increases with the concentration of Ag NWs.  
However, different values at the same initial AgNWs concentration were obtained for 
different dispersant which is related to their dispersing properties.  
With the knowledge about absorption values for the given solution, we could compare 
the dispersing properties of the surfactants by calculating a parameter which is called 
extractability (a percentage recovery into the solution), using the equation 8.5 [177], and it 
represents the measure of dispersion of silver nanowires in solution. 
% extractability = C1/C * 100                                                          (8.5) 
where C1is the concentration of Ag NW recovered in solution and C is the concentration of 
Ag NWs originally taken into dispersant solution. 
In order to compare the dispersing power of surfactants, first, four dispersants were 
dispersed in water and percentage extractability was calculated at different concentrations of 
nanowires (figure 8.5). 
 
 
 
 
Figure 8.5 shows changes in percentage extractability with variation of concentration of Ag 
NW in water for a) F127, b) CTAB, c) AOT, and d) PVA 
 
0
50
100
0 0.005 0.01 0.015 0.02
%
 e
x
tr
a
ct
a
b
il
it
y
Concentration (mol/L)
0
20
40
60
80
0 0.01 0.02%
 e
x
tr
a
ct
a
b
il
it
y
 
Concentration (mol/L)
0
10
20
30
40
50
0 0.01 0.02
%
 e
x
tr
a
ct
a
b
il
it
y
Concnetration (mol/L)
0
20
40
60
80
0 0.01 0.02
%
 e
x
tr
a
ct
a
b
il
it
y
Concentration (mol/L)
(a) (b) 
(c) (d) 
172 
 
In all samples, percentage extractability versus concentration shows linear increase 
with the increase in concentration of Ag NWs until the maximum extractability limit was 
obtained. This might be due to low Ag NWs concentrations, so the amount of dispersant is 
sufficient to coat the silver nanowires surface homogeneously [176]. The maximum 
extractability limit was achieved at Ag NWs concentration of 7*10-3 mol/L for F127 and                
4.6 *10-3 mol/L for three other dispersants, CTAB, AOT, and PVA, indicating that the 
dispersant amount is just sufficient to disperse the Ag NWs. For further increases in the 
concentration of nanowires, the dispersant concentration turns insufficient to fully disperse 
the agglomerates of Ag NWs, as the percentage extractability decreases at high 
concentrations. The maximum amount of Ag NWs was extracted in the case of F127, where 
percentage extractability reached 88%. Others dispersant showed lower extractability, namely 
65, 40, and 60% for CTAB, AOT, and PVA respectively. It is noteworthy that 40 % of 
extractability is achieved for three dispersants F127, AOT and PVA when 0.015 mol/L of Ag 
was used for dispersion. Results showed that the same amount of F127 could disperse large 
amounts of AgNWs as compared to other dispersants.  
Based on the experimental results, the dispersing power of the four dispersants 
follows the trend: F127>PVA>AOT >CTAB 
However, different behaviour of the dispersants was observed when methanol was 
used as a solvent. Figure 8.6 shows changes in percentage extractability with variation of 
concentration of Ag NW for F127 (a), CTAB (b), AOT (c), and PVA (d) dispersant. 
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Figure 8.6 Changes in percentage extractability with variation of concentration of Ag NW in 
methanol for a) F127, b) CTAB, c) AOT, and d) PVA 
 
The best dispersant in methanol solutions turns to be F127 extracting 90 % of  
Ag NWs for the concentration of silver powder from 1.6*10-3 mol/L to 4.6*10-3 mol/L. 
Increasing the concentration of Ag NWs resulted in lower percentage of extractability (80 %) 
of the F127. For CTAB and PVA the extractability decreases with increasing the AgNWs 
concentration. The highest value achieved was 80% for PVA and 30 % for CTAB. AOT turns 
to have the high dispersing properties when the highest concentration of Ag NWs was used, 
reaching 45 % of extractability properties. 
8.3.3 Determination of optimum Ag NWs to copolymer F127 ratio  
Based on the results from 8.3.2 the copolymer F127 dispersed in methanol was selected as 
the best surfactant-solvent combination yielding the highest dispersion of Ag NWs. In order 
to find the optimum Ag NW-to-F127 ratio, a second set of experiments were performed. In 
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these experiments, concentration of F127 was varied from 0.05 to 0.25 wt%, keeping the 
amount of Ag NWs constant, using methanol as a solvent. Constant Ag NWs concentrations 
used in these experiments were the maximum extractable concentrations of Ag NWs chosen 
from the first turn of experiments for 0.25 wt% surfactant concentration. Constant Ag NWs 
concentrations were selected to be 7 mmol and again, the samples were analyzed using  
UV–vis spectroscope. Results are shown in figure 8.7. The best optimum amount of F127 to 
assure good dispersion was found to be 1.3 wt%.  
 
Figure 8.7 Changes in percentage extractability with variation of concentration of F127 in 
methanol  
 
8.3.3 Ag NW film characterisation 
Resistivity and transparency of the films 
The resistance and transparency of the deposited Ag NW films were analysed to verify the 
properties of the Ag material. The aim of this part of work was to obtain transparent 
conducting material that can be further used in various electronic devices. Most of the 
industrial applications require sheet resistance lower than 500 Ω sq−1 for transparent 
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higher than 50 %. It is also desirable that such devices can be fabricated using a low-cost 
strategy, such as Mayer rods or the roll-to-roll fabrication.  
Silver inks were formulated using Ag NWs as a functional material, copolymer F127 as a 
dispersant agent, and methanol as a solvent. To deposit a film, Ag NW ink was dropped on a 
glass substrate (figure 8.8 (a)) and on a plastic (figure 8.8 (b)), and then, a Meyer rod was 
pulled over the solution, leaving a uniform, thin layer of Ag NW. After that the wet coating 
of Ag NW on a substrate was dried on a hot plate at temperature of 120 ºC for 10 min.  
Figure 8.8 (c) shows Ag NW ink in methanol solution. To achieve uniform, 
agglomeration free films, Ag inks were sonicated for 10 minutes just before use. 
 
Figure 8.8 AgNW ink deposited on (a) glass, b) plastic, and (c) dispersed AgNWs in 
methanol  
 
Figure 8.9 shows the transmittance values for Ag NW films of various densities 
deposited on glass substrates. The denser the film was the lower transmittance was obtained. 
Increasing the density of the film decreases the resistivity of the films. This is due to the 
reducing the number of holes in the film which results in more uniform electrical field 
distribution [176].  
 Moreover, in the near-infrared regions, the transmittance of the Ag NW films is 
constant which is important for solar cell application. 
 
(a) (b) (c) 
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Figure 8.9 Optical transmittance of transparent Ag NWs films with various resistivity values 
measured with a UV-vis spectrometer 
 
Figure 8.10 shows the sheet resistance versus transmittance curve for Ag NWs films 
with varying density. Sheet resistances as low as 6, 20 and 80 Ω/sq for corresponding 
transmittances of 40, 58 and 80 % were obtained after the heating the films at 120 ºC. The 
ITO films have higher resistivity at any transmittance compare to AgNWs films. Sheet 
resistances of 60, 196, and 780 Ω/sq for corresponding transmittances of 77, 82, and 80 % 
respectively were reported in the literature [179]. 
 
 
Figure 8.10 Sheet resistance vs transmittance for Ag NW and ITO films 
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By adjusting the density of the films it was possible to reach a resistivity of 6 Ω/sq. 
This resistivity value meets requirements of utility for solar cell and organic light emitting 
diode-OLED application.  
8.4 Conclusions 
Silver Ag NWs were synthesised using seed-assisted, polyol process. Resulted wires were   
10 µm long and 100 µm wide. Two important factors were responsible for Ag NWs 
synthesis: the pre-formation of Pt seeds in the solution that could serve as nuclei for the 
subsequent growth of silver nanowires and the use of PVP that could kinetically control the 
growth rates of silver through chemical surface modification. Control over the morphology of 
these AgNWs could be achieved by varying the reaction conditions, including reaction 
temperature and PVP concentration. Increasing the reaction temperature from 140 to 180 °C 
led to the formation of short nanowires. 170 ºC gave the longest and thinnest nanowires and 
was set as an optimum. An increase in the concentration of PVP slightly reduced the diameter 
of resultant nanowires (3.8 µmol), too high concentration led to nanoparticles in the final 
product.   
In order to choose the best dispersant-solvent combination for AgNWs four 
dispersants (F127, CTAB, AOT, and PVA) and two solvents (water, methanol) have been 
analysed. The best combination turned to be F127-methanol. The high molecular weight of 
copolymer F127 might be as an advantage in dispersion of Ag NWs. Although Ag NWs were 
also well dispersed in water with addition of F127, the fluid as prepared gave less uniform 
film that the one in methanol. 
For the film deposition, Mayer rods were successively employed. Resulted films were 
conductive and transparent. Resistivity value of 80 Ω/sq and 80% transmittance in the visible 
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spectral range were achieved, which is comparable to some of ITO films. Additionally, the 
transmittance range is much flatter than that for ITO in the visible and near-infrared range. 
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Chapter 9 
Conclusion and future work 
9.1 Conclusion 
The work presented in this thesis focuses on the synthesis of nanomaterials, formulation and 
printing of Ag nanoparticle and nanowire inks for two distinct applications. Inkjet printing of 
Ag nanoparticle films on ceramic substrates has been undertaken with the aim of providing a 
smaller size of printed feature at lower cost than can be obtained with the conventionally used 
screen printing.  
Monodispersed Ag nanoparticles with a size down to 50 nm were successfully 
synthesized and dispersed in aqueous medium up to 5%. For the first time a copolymer F127 
was used for Ag ink formulation. Following encouraging results from the 5 wt% ink, a Ag 
ink containing a higher Ag solid content (45 wt%) has been formulated by treating the 
synthesised particles with different solvent (acetone).The effect of the surface characters of 
substrates, printing temperature and dot spacing on the size and morphology of printed silver 
features was investigated.  
An attempt has been done to improve the physical properties of the printed features. 
For these reason SiO2 have been used as an adhesion promoter and bonding agent between 
the particles. The effect of nanoSiO2 content as an inorganic binder on the morphological and 
electrical properties of the silver conducting films formed by inkjet printing method was 
investigated. Adhesion and hardness property of the silver films after adding SiO2 to the 
silver ink and sintering at various temperatures were also examined.  
The investigation of the possibility to control the track dimensions by printing the Ag 
track in an embossed recess was proposed. The silver ink was jet printed onto embossed 
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alumina/LTCC substrates to provide the dimensional accuracy. Once the channels have been 
formed by embossing, they could be filled with inks using capillary forces.   
Work on Ag nanowires films was prompted by the wide quest of electronics industry 
for materials with increased flexibility, lower cost and higher transmittance to replace indium 
tin oxide (ITO, the most extensively used material for transparent electrodes). Towards these 
objectives silver nanowires were synthesised and dispersed in methanol with the help of 
copolymer F127. They were subsequently deposited on plastic and glass substrates forming a 
conductive and transparent film. The effect of temperature, polymer concentration and 
solvent treatment on the size and morphology of silver nanowires was investigated. Various 
dispersants were tested to obtain the best silver nanowire ink formula. The properties of 
deposited film, such as transparency and resistivity were tested. 
Synthesis of Ag nanoparticles 
The experimental work focused on developing the new method for synthesising silver 
particles. An objective was to develop a process that would allow the creation of large 
numbers of particles easily separating from the solution and being capable of making a 
contribution to the formation of stable ink. 
Two methods of synthesis have been tested in order to achieve the target, wet 
chemistry and scCO2technique.For silver particles wet chemistry turned out to be a most 
suitable method in terms of the yield and further processing. 
The 20 nm diameter, spherical particles were obtained through the control of reaction 
parameters, such as capping agent, concentration of AgNO3, AOT and NaOH. 
The best initial concentration of AgNO3 had to be lower than ∼0.3 M to obtain small size and 
regular shape of the particles. Using AOT instead of PVP as a stabilizer simplified the 
separation of the Ag particles from the solution. The molar ratio between AOT and AgNO3 
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have been found to be important and was set as 2:1 to assure the smallest size of particles (20 
nm). The concentration of NaOH was crucial in controlling the shape of the particles, 0.005 
mol was set as an optimum to obtain the spherical and small particles.  
Formulation and examination of silver ink 
The aim of this part of work was to reduce the number of layers in the film processing by 
increasing the thickness of a single layer. That was done by using high loading metal ink. A 
lot of work was put to develop and understand the formulation of stable silver dispersion. The 
advantages of having high content of metal in a fluid include reducing the costs of the process 
and getting a better resolution of the printed features. 
During the study, the loading of the particles in ink produced by the original process 
was improved mainly by using a different solvent treatment of the particles. An increase in 
the loading, from 5 wt % till 45 wt % of silver particles favoured the achievement of denser 
and thicker film with one layer printing. As a result, the better resolution and lower resistivity 
of the printed track were possible to be obtained while keeping the same process parameters. 
Surface treatment of synthesised Ag particles by solvent showed how important this step is in 
formulating a high loading ink. It has been found that the sizes of aggregates and properties 
are dependent on this treatment. Treatment of Ag particles with IPA resulted in the 
formulation of 5 wt% Ag ink (AG1) with the presence of copolymer F127under HIFU 
agitation. A HIFU technique successively reduced the size of Ag agglomerates down to ~50 
nm from ~ 200 nm untreated.  
A higher 45 wt%Ag ink (AG2) was formulated by treating the synthesised particles 
with an acetone. As a result the size of aggregates decreased down to 50 nm, and further use 
of copolymer resulted in highly hydrophilic particles with the size of 10 nm. Copolymer F127 
was found to be very effective as a stabilizer leading to the formation of high silver loading.  
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Rheology studies have been performed on so prepared silver inks to understand the behaviour 
of the inks and in the same time showing well-dispersed suspension and suitability for use in 
inkjet printing process. The influence of silver loading on the viscosity of the subsequent inks 
has been checked. The viscosity increased with higher content of particles due to the increase 
of the interaction between silver particles when solid content increases. The viscosity of 2.1 
mPa s and 3.3 mPa were obtained for 5 wt% ink and 45 wt% ink respectively. The small 
changes in viscosity value were observed over a period of 20 days indicating a good stability 
of the fluids. 
Both inks were printed on LTCC substrates and the printed lines showed a very low 
resistivity and good shape definition. The resistivity of the printed Ag lines decreaseed as a 
function of annealing temperature, and it was measured to be 20 ± 0.1µΩ cm for AG1 ink and 
3± 0.2 µΩ cm for AG2 after annealing at 350°C. However to obtain low resistivity,the film 
thickness of 1 µm was necessary,and thus the number of printed layers (70) was required in 
case of AG1 ink due to the low loading of Ag particles. It was found that the higher loading 
of metal content the thicker layer can be obtained. UsingAG2 ink needs only one layer to 
obtain thick, dense and conductive film. 
Influence of SiO2 on the properties of a silver film 
Addition of 0.05 wt % of SiO2 to the Ag ink was effective in improving the microstructure of 
the fired films and together with increasing sintering temperature, a uniform grain was 
produced. The final film density and hence electrical resistivity were thus improved with the 
optimised SiO2 content. The addition of a binder in the film materials was important not only 
for promoting the sintering and improving the densification as well as resistivity but also for 
providing the adhesion to substrate. The adhesion of the silver film to the substrate was 
improved by increasing a sintering temperature and addition of 0.05 wt% of SiO2 into the ink 
formula. 
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Improving the geometry of printed patterns 
Direct deposition of the thick film (composed of more than one printed layer) on the 
substrate, especially a rough substrate shows a poor geometry of the metal films which is due 
to spreading of the ink. To avoid or at least minimize this effect we proposed two approaches. 
Printing straight and smooth lines with improved morphological control and 
resolution were possible to achieve by using the optimal temperature of substrate at 40 ºC. 
Increasing the dot spacing further limited ink spreading, hence resulting in narrow printed 
lines and improved geometry of printed patterns. As a result of this combination (temp. and 
dot spacing) it was possible to print lines with a diameter of 200 µm. However with 
increasing the number of printed lines the track become wider and gradually lost its 
geometry. 
To enable printing more layers and simultaneously remaining the geometry of the 
track, a new method for improving the morphology of inkjet printed tracks has been 
described by printing the ink into the structured channels with predefined topography. These 
grooves have been fabricated into the ceramic substrates by means of either embossing or 
laser machine. After pre-patterning the substrate, silver ink was printed over the as-formed 
patterns. 10 layers were possible to print one on the top of another without causing any 
difference in width or geometry of the track since the ink stayed in the recess with no spill 
over observed.  
Synthesis of Ag nanowires (NW) and ink formulation 
Silver NWs were synthesised using solvothermal method. The optimised amount of PVP (3.8 
µM), and optimised reaction temperature (170 ºC) in the synthesis lead to produce 10 µm 
long and 120 µm wide Ag NW. The effect of five different surfactants in various solvents on 
stability and film uniformity of the AgNW dispersion was investigated. Water, and methanol 
were tested as a dispersion medium and the AOT, CTAB, PVA, and F127 were chosen as a 
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dispersing agents. F127 dispersed in methanol turned to be the best surfactant-solvent 
combination yielding the highest loading dispersion of AgNW. Meyer road coating method 
was successfully applied to produce Ag NW films on glass and plastic substrates. Sheet 
resistance as low as 6, 20 and 80 Ω/sq for corresponding transmittances of 40%, 58% and 80 
were obtained after the heating the films at 120 ºC. 
9.2 Future work 
- The wet chemistry method developed in this work is a very promising technique for the 
synthesis of Ag nanoaprticles. The one limit of this process is the high temperature required 
to obtain conductive film on the substrate. To improve the synthesis method for Ag 
nanoparticles in order to obtain the same conductivity properties at lower sintered 
temperature (150 ºC) of the film is very desirable as it would widen the applications of the 
inks, such as printing Ag inks on plastics. This might be done by replacing the surfactant 
(capping agent) by the one with lower melting point.  
- Further increasing ink loading would improve the resolution of thick films. The smaller 
feature size can be also achieved by chemically treating substrate surface to adjust the energy 
of the substrate and simultaneously using the inks with optimal rheological properties.  
- Printing on top of predefined topography structures has to be further tested. Structuring 
narrower tunnels might be helpful in improving the resolution of the features. The surface 
character of the substrate plays an important role in filling the channel by the ink. Surface 
treatment of the substrates by evaporating a monolayer of the hydrophobic/hydrophilic 
polymer would allow filling the channel with the ink in a very precise way. 
- The most extensively material used for transparent electrodes is indium tin oxide (ITO). 
Further work on Ag nanowire films has to be done to increase flexibility, lower cost and 
higher transmittance so the replace of indium tin oxide (ITO). Towards this objective, 
synthesis of Ag NW has to be improved to lead to formation of longer and thinner Ag 
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nanowires. This might be done by changing some of the parameter in the synthesis, e.g. 
catalyst or polymer. 
 To obtain more uniform film more tests have to be done with the Mayer rods. Further 
investigation of factors such as the groove size in wire wound rod, viscosity and surface 
tension of fluids might be helpful in obtaining a uniform film.  
 Future work might also involvethe adjustment of AgNW fluids properties to make it 
suitable for inkjet printing.  
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